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Abstract 
 
Mechanisms and Magnitude of Cenozoic Crustal Extension in the Vicinity of Lake Mead, 
Nevada and the Beaver Dam Mountains, Utah: Geochemical, Geochronological, 
Thermochronological and Geophysical Constraints 
 
Rafael V. Almeida 
 
The central Basin and Range Province of Nevada and Utah was one of the first areas in which 
the existence of widespread low-angle normal faults or detachments was first recognized. The 
magnitude of associated crustal extension is estimated by some to be large, in places increasing 
original line lengths by as much as a factor of four. However, rock mechanics experiments and 
seismological data cast doubt on whether these structures slipped at low inclination in the 
manner generally assumed. In this dissertation, I review the evidence for the presence of 
detachment faults in the Lake Mead and Beaver Dam Mountains areas and place constraints on 
the amount of extension that has occurred there since the Miocene.  
 
Chapter 1 deals with the source-provenance relationship between Miocene breccias cropping out 
close to Las Vegas, Nevada and their interpreted source at Gold Butte, currently located 65 km to 
the east. Geochemical, geochronological and thermochronological data provide support for that 
long-accepted correlation, though with unexpected mismatches requiring modification of the 
original hypothesis. In Chapter 2, the same data are used to propose a refinement of the timing of 
~1.45 Ga anorogenic magmatism, and the distribution of Proterozoic crustal boundaries. 
 
Chapter 3 uses geophysical methods to address the subsurface geometry of faults along the west 
flank of the Beaver Dam Mountains of southwestern Utah. The data suggest that the range is 
bounded by steeply inclined normal faults rather than a regional-scale detachment fault. Footwall 
folding formerly ascribed to Miocene deformation is reinterpreted as an expression of Cretaceous 
crustal shortening. Fission track data presented in Chapter 4 are consistent with mid-Miocene 
exhumation adjacent to high-angle normal faults. They also reveal a protracted history dating 
back to the Pennsylvanian-Permian time, with implications for the interpretation of other 
basement-cored uplifts in the region. 
 
A key finding of this dissertation is that the magnitude of crustal extension in this region has 
been overestimated. The pre-extensional width was increased by a factor of two across Lake 
Mead, through a combination of high-angle normal faulting and strike-slip deformation. Data 
from the transect across the Beaver Dam Mountains suggest substantially less extension, with the 
difference accommodated for the most part by displacement on the intervening Las Vegas Valley 
Shear Zone. The Colorado Plateau-Basin and Range transition zone may be a long-lived tectonic 
boundary where this assumption may be especially ill-suited. 
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Studies in the Basin and Range Province have been influential in shaping current thinking 
regarding extensional processes. Isostatic uplift of footwalls (Buck, 1988; Wernicke & Axen, 
1988; Axen et al., 1990), exhumation of crustal columns due to extension (Wernicke & Axen, 
1988; Fryxell et al., 1992) and extreme amounts of crustal extension (Wernicke, 1981) were all 
initially proposed here. Palinspastic reconstructions based upon such markers as pre-existing 
structural features, and thickness and facies trends in pre-deformational sedimentary rocks have 
yielded extension factors of up to 400%, (Stewart, 1983; Snow & Wernicke., 2000; McQuarrie & 
Wernicke, 2005). In the central Basin and Range Province it has been proposed that this has been 
achieved through detachment faulting (Wernicke, 1985; Wernicke et al. 1988). Seismological 
data and rock-mechanics experimental results, however, preclude slip occurring in these types of 
faults in brittle conditions, resulting in the detachment fault “mechanical paradox” (Scholz & 
Hanks, 2004). Fault mechanics are based on two principles (Scholz, 2002): a) Coulomb failure 
criterion, which defines the geometric relation between faults and the stresses that form them 
(Anderson, 1951) and 2) friction laws for rocks, which define stresses needed to produce 
continued slip on a fault (Byerlee, 1978). These principles predict an optimum orientation for 
slip at 30° from σ1 and fault lockup at 60° from σ1 for µ=0.6 (Sibson, 1985). Assuming a 
vertical σ1 for normal faulting, this translates into optimal fault dips of 60° and a lockup dip of 
30°. In spite of the many studies documenting field evidence of detachment faults around the 




In spite of the critical nature of the extension estimates proposed in the central Basin and Range, 
they have relatively few constraints. Around Lake Mead, the complicated nature of the Miocene 
strain field, which included coeval extensional and strike-slip deformation (Longwell, 1971; 
Bohannon, 1984; Duebendorfer et al., 1998) and strike-slip overprinting (Ron et al., 1986;  
Campagna & Aydin, 1994) of earlier faulting has complicated palinspastic reconstructions. The 
main constraint for tectonic displacement is the provenance of rock avalanche deposits located 
east of Las Vegas, Nevada (Longwell, 1971; Bohannon, 1984). In the Mormon Mountain region, 
recent papers have revived the original landslide interpretation for the low-angle shear planes 
observed there (Anders et al., 2006; Walker et al., 2007; Christie-Blick et al., 2007; Walker, 
2008; Anders et al., 2013), drastically reducing the inferred amount of extension.  
 
In view of these factors, the aim of this dissertation is to reevaluate the constraints on extension 
in the Lake Mead and Mormon Mountains region and develop a regional framework in which to 
place them. One recurring theme has been the over-simplification of the regional geology at the 
onset of Cenozoic extension. Crustal extension may have been influenced by the configuration of 
older structures. This has a direct bearing on the nature of the Colorado Plateau-Basin and Range 
transition zone. If the transition zone is a long lived feature then there may be a long history of 
deformation which would have affected subsequent deformation, a condition that may lead to 
erroneous geological interpretations if neglected. If the transition zone is considered a transient 
feature in the region, the location of which has no meaning over time (such as an escarpment 




Chapter 1 of this dissertation deals with the provenance of the Thumb Member megabreccias of 
the Miocene-age Horse Spring Formation of Frenchman Mountain. These samples have long 
been correlated to Gold Butte based on a lithologic match between the rocks exposed there and 
the breccias. We used various geochemical and geochronological methods to quantitatively test 




Ar, and zircon and apatite fission track 
thermochronology; Pb and Nd isotopes and trace element concentrations. Geochemical data are 
consistent with a match between Gold Butte and the breccias. Thermochronologic data, however, 
are not. The generally accepted interpretation of the exhumation of Gold Butte requires 
modification. Our data suggests that the exhumation of Gold Butte that the exhumation of Gold 
Butte may have begun as early as the Permian. The verification of the correlation leads us to 
propose a palinspastic restoration for this region that is consistent with estimates of extension in 
the Mormon Mountains region, the Northern Colorado River Extensional Corridor and the Sheep 
Mountain extensional system from other studies.  
 
In Chapter 2 we use the geochemical data summarized in chapter one to place constraints on the 
Proterozoic history of the region. We use the U-Pb ages and Nd and Pb isotope data to reevaluate 
the crustal boundaries in the area. We suggest that Sr, Pb and Nd defined boundaries are 
consistent with each other, and may reflect the geochemical signature of the Mojave-Yavapai 
collision in the Mesoproterozoic. This suggests that the Colorado Plateau- Basin and Range 
transition zone has precursors perhaps as old as Mesoproterozoic. 
 
In Chapter 3 we use flexural modeling, seismic data, and gravity modeling to constrain the sub-
surface geometry of the Beaver Dam Wash and the origin of the Beaver Dam Mountain in the 
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southwestern corner of Utah. The deformation has been interpreted by some as exclusively 
Cenozoic. This study shows that the observed geometry can only be accommodated assuming 
Airy isostasy, which is likely is not an appropriate assumption. This suggests that part of the 
observed deformation must have occurred prior to Miocene extension. The seismic and gravity 
data suggest that extension has been accommodated primarily by high-angle normal faults. This 
is consistent with recent studies in the Mormon Mountains and the Tule Springs Hills (Anders et 
al., 2006; Walker et al., 2007; Walker, 2008; Templeton et al., 2011; Anders et al., 2013).  
 
In Chapter 4 we use fission track analyses of zircons and apatites in the Beaver Dam Mountains 
to to evaluate both Miocene and pre-Miocene exhumation. The apatite fission track data, that 
record cooling past 100°C -110°C, confirms Miocene extension as the most recent driver of 
exhumation. The apatite data suggests that to first-order, exhumation is controlled by uplift 
associated to normal displacement on the range-bounding high-angle fault. Analyses of ages 
corrected for track length suggest that the apatite fission track partial annealing zone was 
shallower than previous presumed. This implies that there was pre-Miocene exhumation in the 
Beaver Dam Mountain. This and a subtle variation in exhumation dates is attributed to a complex 
structural geometry resulting from Cretaceous-Paleocene folding in the range as suggested by the 
surface geology. The zircon fission track data, which records cooling past 210°C -230°C, yields 
Pennsylvanian-Permian ages. These ages lead us to interpret an early uplift episode correlated to 
the Ancestral Rocky Mountains to the east and the development of the Death Valley-Golconda 




Overall these results indicate that the Lake Mead - Mormon Mountains region has had a 
protracted structural history, which has been mainly ignored in previous palinspastic 
reconstructions of Cenozoic extension. Constraining this history is essential as it determines the 
“boundary conditions” at the onset of extension. This is critical as extension along a transect is 
measured with respect to the initial length of that transect. This dissertation suggests that when 
taken into account, these observations indicate reduced amounts of extension, half or less in 
some cases, than previously estimated. A consequence of this is that detachment faults are no 
longer required to accommodate very large amounts of extension. Furthermore, this study shows 
that the observed surface geology is consistent with displacement on high to moderate angle 




Chapter 1: Reassessing the Magnitude and Mechanisms of Extension in the Lake Mead 
Region: Constraints from Frenchman Mountain, Nevada 
 
Abstract - In the central Basin and Range Province, the offset of Frenchman Mountain from 
Gold Butte has been considered a critical constraint for the palinspastic restoration of the Lake 
Mead domain. The main control on Miocene and younger displacements of Frenchman 
Mountain is provided by a qualitative match between clasts of crystalline rocks found in 
Miocene-age megabreccias of the Thumb Member (16-13 Ma) of the Horse Spring Formation, 
on the east side of Frenchman Mountain, and a tentative source in the crystalline basement rocks 
of Gold Butte, 60 km to the east. The megabreccias are thought to be rock avalanche deposits, 
with run-out distances of no more than 3-10 km from their source. The rest of the displacement is 
thought to be tectonic in origin. The correlation with Gold Butte is based on a suite of rocks, 
from which a Proterozoic megacrystic rapakivi granite and a Cretaceous two-mica white granite 
are the most distinctive rock-types. We sampled these rock types both in the Thumb Member and 
in several possible source localities including Gold Butte, Lucy Gray Range, Newberry 
Mountains and the Davis Dam area. A suite of geochemical analyses was run on the samples 
from which the  Nd isotope ratios and U-Pb zircon ages proved to be the most useful. These 
results show that the Frenchman Mountain samples match the values obtained from the Gold 
Butte samples and do not match the values obtained from the other possible source areas 
sampled. The exhumation ages obtained from the clasts do not match existing data from Gold 
Butte though. Here we propose a new model for the exhumation of Gold Butte that is consistent 
with all of the available thermochronologic data. Taken in conjunction, our data support the idea 
that Frenchman Mountain was adjacent to Gold Butte at the onset of Miocene extension. We put 
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forth a palinspastic reconstruction in which Frenchman Mountain was transported south of Gold 
Butte, mainly by strike-slip along the Hamblin Fault and the Las Vegas Valley Shear Zone. We 
infer that the Las Vegas Valley Shear Zone has a longer history than has previously been 
recognized and formed as a transfer zone between regions with differing amounts of extension. 
This model is consistent with our data and with recent constraints on the amount of extension in 
the nearby Mormon Mountains domain, north of Lake Mead.   
 
Introduction 
In the Basin and Range Province (red line in Figure 1.1) palinspastic reconstruction of 
preexisting structural features, isopachs and facies boundaries have yielded a stretch as great as 
400% (stretch is defined as the final length of a line between two points divided by the original 
length in the direction of extension; Stewart, 1983; Snow & Wernicke., 2000; McQuarrie & 
Wernicke, 2005).  In the Lake Mead domain of the central Basin and Range (Figure 1.2), 
palinspastic restorations have long been constrained using megabreccia deposits found in the 
Thumb Member of the Miocene-age Horse Spring Formation of Frenchman Mountain (FM in 
Figure 1.3). Matching these deposits to their purported source in Gold Butte yields 60 ± 15 km of 
displacement (McQuarrie & Wernicke, 2005), which corresponds to a stretch of ~600 % (Snow 
& Wernicke, 2000; Fryxell and Duebendorfer, 2005). This correlation is based on the presence 
of a suite of crystalline rocks at Frenchman Mountain, the most distinctive of which are rapakivi 
and two-mica granites (Longwell, 1971; Anderson, 1973; Bohannon, 1984). With this constraint, 
it is generally accepted that there has been a large amount of extension in this domain. However, 
there has been much debate about how exactly this displacement took place, particularly 
concerning the partitioning between strike-slip and normal faulting (Rowland et al., 1990; Beard, 
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1996; Duebendorfer et al., 1998; Fryxell & Duebendorfer, 2005). The general assumption has 
been that the extension was accommodated by some combination of detachment and strike-slip 
faulting. However, there is currently no consensus on the relative contributions of these styles of 
deformation (Campagna & Aydin, 1991; Fryxell & Dubendorfer, 2005). As evidenced by the 
numerous palinspastic reconstructions that have been proposed for this area (Longwell, 1974; 
Bohannon, 1984; Wernicke et al., 1988; Rowland et al., 1990; Duebendorfer et al., 1998; Fryxell 
& Duebendorfer, 2005), there is still great uncertainty regarding the tectonic history here.  
 
Recent estimates of extension in the Mormon Mountains domain (Figure 1.2), north of the study 
area, suggest that the amount of extension there is smaller than that of the Lake Mead domain 
(18-25 km; Anders et al., 2006; Walker et al., 2007; Walker, 2008; Anderson et al., 2010; Anders 
et al., 2013). Previous estimates were comparable with those of the Lake Mead domain (54 km 
and 60 km respectively; Wernicke et al., 1988; Axen et al., 1990), which was viewed as mutually 
reinforcing evidence for these estimates. However, re-evaluation of the structural evolution of 
the Mormon Mountains (Anders et al., 2006; Walker et al., 2007; Walker, 2008; Anderson et al., 
2010; Anders et al., 2013) suggests smaller amount of extension there. If this is the case, and 
there is a discrepancy between the amount of extension that the Lake Mead and Mormon 
Mountain domains have undergone, then there must be a structural boundary between them that 
allows for the transfer of the difference in strain; however none is observed. Such a structure 
might be expressed as an accommodation zone between dip domains (Faulds et al, 1990) or as a 
transfer fault between regions with differing extension (Dubendorfer & Wallin, 1991).  Walker 
(2008) used 1:24,000 scale structural mapping of the Mormon Mountains (with emphasis on the 
NW Mormon Mountains which had not been included in previous studies) and Anders et al. 
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(2013) did a study of the fault zones therein and reached the conclusion that the structures that 
have been interpreted as rooted low-angle normal faults, and were thought to accomodate the 
majority of crustal extension, are actually landslide surfaces. By excluding the slip that was 
supposed to occur on these structures, the amount of extension undergone by the Mormon 
Mountain domain (Figure 1.2) is reduced to 20-22 km (Walker, 2008). Anderson et al. (2010) 
integrated stratigraphic and structural observations with evidence for large amounts stratigraphic 
attenuation due to fluid flow and dissolution processes and came to the conclusion that the 
Mormon Mountains proper had undergone ~4 km of extension, instead of the 22 km suggested 
by Wernicke et al. (1988) and Axen et al. (1990), thus also significantly reducing the proposed 
total amount of extension undergone by the Mormon Mountain domain. Bohannon et al. (1993) 
used a number of industry-acquired reflection seismic lines to characterize the sub-surface 
geometry of the Virgin River Depression in the Mormon Mountain domain and calculated 18-25 
km of extension there.  All these studies suggest that the extension that occurred in the Mormon 
Mountain domain is much smaller than the previously estimated 54 km.  
 
This discrepancy between the amount of extension observed in the Mormon Mountains and the 
Lake Mead domain serves as a motivation to revisit the evidence for the pre-Miocene location of 
Frenchman Mountain. We test the idea that the megabreccias found in Frenchman Mountain are 
not sourced from Gold Butte, which would remove the primary constraint on the amount of 
extension for the Lake Mead domain. We investigate this relationship quantitatively by using 
two types of data in this paper: 1) Crystallization and cooling ages in the megabreccia deposits 





ages in muscovite, biotite and K-feldspar) which we compare to those of Gold Butte, whose 
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exhumation history has been thoroughly studied (Fryxell et al. 1992; Fitzgerald et al., 1991, 
2009; Reiners et al., 2000, 2002;), and 2) Geochemical analyses that include Pb and Nd isotopes 
and  trace and rare earth element concentrations of the rapakivi granites of the breccias, which 
are compared to all the possible sources present in the area of study (Figure 1.3). Samples were 
taken from the Newberry-El Dorado, Lucy Gray, and Davis Dam Ranges in southern Nevada as 
well as from Gold Butte and Frenchman Mountain (NM, LG, DD GB and FM respectively in 
Figure 1.3). Previous isotopic studies suggest that these source areas may be distinct from each 
other (Figure 1.1; Bennett & DePaolo, 1987; Wooden & DeWitt, 1991) and our sampling was 
based on the premise that these inferred boundaries would allow us to isotopically distinguish 
samples from Gold Butte from samples that are sourced in the Newberry-El Dorado, Lucy Gray, 
and Davis Dam Ranges (Figure 1.3). Rapakivi granites were sampled from all these localities 
and two-mica granites from Gold Butte and Frenchman Mountain only. The results, combined 
with a re-evaluation of the regional structural framework, were used to propose a new 
palinspastic reconstruction which is consistent with the new data as well as the recent studies 
from the Mormon Mountain domain.  
 
Regional Geologic Setting 
The basement rocks of the western US are formed of crystalline rocks of Protoproterozoic age 
which have been affected by a widespread Mesoproterozoic-age plutonic event (Karlstrom & 
Bowring, 1988).  The Precambrian rocks of the western United States have been divided into 
crustal basement provinces using Pb isotopes (Zartman, 1974; Wooden et al., 1988; Wooden & 
Miller, 1990; Wooden & DeWitt, 1991) and Nd isotopes (Bennett & DePaolo, 1987). Nd crustal 
provinces in southwest United States (yellow lines in Figure 1.1) were defined on the basis of the 
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model age of crust-mantle differentiation (TDM) of each one. The boundary between two of these 
provinces was proposed to be located just west of Gold Butte (Figure 1.1). Wooden and Miller 
(1990) and Wooden and DeWitt (1991) used Pb isotopes to suggest that the boundary between 
the Mojave and Arizona lithospheric provinces is gradational with a ~75 km wide boundary zone 
located just to the east of our study area ( green lines in Figure 1.1).  
 
The supracrustal sedimentary rocks consist of a succession of Neoproterozoic through Mesozoic 
strata.  The Cambrian and younger portion is represented in the present study area. The base of 
the overlying sedimentary sequence is formed by a syn-rifting stratigraphic sequence of 
Neoproterozoic age deposited during the break-up of the Rodinia supercontinent (Stewart, 1970). 
By the Cambrian, a passive margin had developed which lasted until the Devonian (Levy & 
Christie-Blick, 1991). This sequence, which is formed by a basal sandstone overlain by 
carbonate platforms, varies in thickness and can be  >10 km thick west of the passive margin 
hinge-line (Stewart & Poole, 1974; Levy & Christie-Blick, 1991). The Late Devonian and Early 
Mississippian are characterized by the onset of convergent tectonism in the western US, the 
Antler orogeny, which caused the development of a flexural basin on the western edge of the 
continent (Blakey, 2008). The Pennsylvanian through Early Permian tectonic setting is not well 
understood, but is generally though to be a time of relative tectonic quiescence in the western 
United States characterized by a marine mixed carbonate and clastic sequence of variable 
thickness that was deposited as the Ancestral Rocky Mountains were uplifted to the east in the 
Colorado Plateau and Rocky Mountains (Van der Pluijm & Marshak, 2004; Blakey, 2008). 
During the late Permian-Triassic, convergence was reinitiated as the Sonoman orogeny occurred 
in the western United States (Speed, 1979; Blakey, 2008). During the Mesozoic the convergent 
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tectonic setting continued (e.g. Nevadan, Sevier orogenies) forming a series of regionally 
correlated thrust faults. A sequence of continental clastic sediments were deposited during the 
Triassic and Jurassic, culminating in the development of a shallow sea, the Cretaceous Interior 
Seaway, in the foreland basin of the Sevier orogen (DeCelles, 2004). 
 
The Basin and Range province is located between the comparatively undeformed Colorado 
Plateau and the Sierra Nevada (Figure 1.1), to the east and west respectively (Eaton, 1982). The 
central Basin and Range has been divided into the Death Valley and Las Vegas extended terranes 
which are separated by the relatively unextended Spring Mountains (Figure 1.2; Wernicke et al., 
1988; Snow & Wernicke, 2000). Within the Las Vegas extended terrane there is the Mormon 
Mountain domain, Lake Mead domain and the Northern Colorado River Extensional Corridor 
(Figure 1.2; Wernicke et al., 1998; Faulds et al., 2001). These areas are some of the more highly 
extended parts of the Basin and Range (e.g., Wernicke et al; 1988), with estimates that the 
central Basin and Range as a whole has been extended by 200-250% (Wernicke et al., 1988; 
Snow & Wernicke, 2000; McQuarrie & Wernicke, 2005). 
 
In the eastern central Basin and Range extension took place  in middle Miocene time, beginning 
in most areas at ~16 Ma and ending by ~9 Ma, with peak extension occurring ~16 Ma – 14Ma 
(Wernicke, 1992; Snow & Wernicke , 2000; Faulds et al., 2001).  Volcanism generally coincided 
with the entire episode of extension south of Lake Mead, in the Northern Colorado River 
Extensional Corridor (NCREC; Figure 1.2). In the Lake Mead domain, however, there was an 
amagmatic gap (Eaton, 1982). Tertiary stratigraphic sections in this area are dominated by 
sedimentary units, including alluvial fan, continental playa, and lacustrine deposits (Bohannon, 
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1984). Gold Butte contains the only known outcrops of rapakivi granites within the Lake Mead 
domain.  
 
The NCREC is a 70 – 100 km wide region of moderately to highly extended crust along the 
eastern margin of the Basin and Range province in southern Nevada, northwestern Arizona and 
southeastern California (Faulds et al., 1990, 2001). In the Cretaceous through early Tertiary it 
stood just east and north of major fold and thrust belts (Spencer & Reynolds, 1990) and also 
marked the northern end of a broad, gently north-plunging uplift (Kingman arch) that reached 
southeastward through much of central Arizona (red dashed arrow in Figure 1.3; Lucchita, 1966; 
Bohannon, 1984). To the west it is bounded by the unextended Spring Mountains block and to 
the east by the Grand Wash Cliffs of the Colorado Plateau (SM and GWC in Figure 1.3). 
Rapakivi granites are found in several mountain ranges within the NCREC: the Lucy Gray 
Range, the McCullough Range, the Newberry – El Dorado Mountains and the Davis Dam 
(Figure 1.3). The rapakivi granites form part of the Proterozoic basement exposed in the deeply 
eroded footwalls of basin-range style normal faults. We treat all of these locations, except the 
McCullough Range, as potential source areas for the Frenchman Mountain megabreccias. This is 
because the rapakivi granite found in the McCullough Range is not mega-crystic, one of the main 
characteristics of the deposits found in the Frenchman Mountain megabreccias.  
 
Frenchman Mountain is located along the eastern edge of the Las Vegas Valley (FM and LVV in 
Figure 1.3). It consists of east-dipping Paleozoic, Mesozoic and Miocene strata that overlie 
Proterozoic crystalline basement (Figure 1.4; Longwell et al., 1965; Rowland, 1987). The 
Miocene section of Frenchman Mountain is especially important because it provides a 
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stratigraphic record of extension and translation in this area. It consists of a sequence of alluvial 
fan and fluvial clastic sedimentary rocks and lacustrine carbonates that are divided into the Horse 
Spring Formation, the Red Sandstone Unit and the Muddy Creek Formation (Figure 1.4). The 
first two are thought to have been deposited syn-tectonically and the latter is mostly undeformed 
and was deposited at a time of tectonic quiescence (Bohannon, 1984). Of these stratigraphic 
units, we focus on the Thumb Member of the Horse Spring Formation. In this unit there are 
megabreccia deposits composed mostly of crystalline rocks (Parollini, 1986; Rowland et al., 
1990), which are thought to have been sourced in the Gold Butte block (Anderson, 1973; 
Longwell, 1974; Bohannon, 1984).  
 
This correlation has been based on the presence of a suite of clasts of crystalline rocks, among 
which the most distinctive are megacrystic rapakivi granite and two-mica granite. These rocks 
are thought to be sourced from the 1.45 Ga megacrystic rapakivi granite (Volborth, 1962; 
Stewart & Carlson, 1978) and the 66-68 Ma two-mica granite (Brady et al., 2000) found in Gold 
Butte. These megabreccias are interpreted as rock avalanche deposits (Parolini, 1986; Rowland 
et al., 1990) and it is thought that they could not have been emplaced more than 10 km from their 
source (Topping, 1993). Given this, any source located more than 10 km away from Frenchman 
Mountain would require tectonic displacement of the blocks. The lack of such a near source has 
been used to infer that the Frenchman Mountain structural block was translated to its current 
position (Figure 1.3) from the east (Anderson, 1973; Longwell, 1974; Bohannon, 1979, 1984). 
Two end-member models for this translation have been proposed: 1) it occurred solely on strike-
slip faults (Longwell, 1974; Bohannon, 1984), which here are arranged into two regional arrays, 
the right-lateral northwest trending Las Vegas Valley Shear Zone (LVVSZ hereafter and in 
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Figure 1.3) and the left-lateral northeast trending Lake Mead Fault System (LMFS hereafter; 
BSF, HF, LRF, GF and HSF in Figure 1.3); and 2) it occurred only along a detachment system 
(Wernicke et al., 1988; Fryxell and Dubendorfer, 2005), the only exposure of which is on Saddle 
Island, a horst that forms a small island in Lake Mead (SD in Figure 1.3). Using ductile 
kinematic indicators this structure has been interpreted as both a Laramide contractional structure 
(Choukrune & Smith, 1985) and a Basin and Range extensional structure (Duebendorfer et al. 
1990).  
 
The LVVSZ is thought to have been active between 16 and 8 Ma (Duebendorfer & Black, 1991), 
however, pre-13 Ma strike-slip history has not been well documented. Duebendorfer & Wallin 
(1991) recognized that the LVVSZ was active from 12-9 Ma based on its control of the 
deposition of a Red Sandstone equivalent stratigraphic unit in the Boulder Basin. Younger 
reactivation (~9 Ma) of the LVVSZ as a reverse fault has also been documented (Cakir et al, 
1998; Duebendorfer & Simpson, 1994). Based on the observed contractional features, this 
shortening has been estimated at 3 km (Duebendorfer & Simpson, 1994), but has been estimated 
to be as high as 55 km based on regional considerations (Anderson et al., 1994).  
 
New  Constraints on the Location of Frenchman Mountain  
The U-Pb crystallization ages and Nd isotope ratios were the most important datasets for 
distinguishing the provenance of the Frenchman Mountain samples. The match between these 
data for the samples from Frenchman Mountain and Gold Butte, suggests the inferred correlation 
between them is correct, consistent with the reconstructions placing them adjacent to each other 
in the early Miocene. A mismatch in zircon fission track ages, however, does not agree with this 
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correlation, which implies that the source was a terrain geochemically similar to Gold Butte, but 
either not Gold Butte proper or a different erosional level than that presently exposed there.  The 
data acquired for this study include Nd and Pb isotopes, along with trace and rare-earth elements 




Ar ages from feldspars and micas and 
fission track ages from apatites and zircons for both the rapakivi granites and the two-mica 
granites. The locations of all the samples are given in Table 1.1. Analytical results are given in 
Tables 1.2 through 1.7. The methods for obtaining these data can be found in Appendix A.  
 
U-Pb Ages 
The results from the rapakivi samples show a clear bimodal distribution in age (Table 1.2). The 
samples from Gold Butte and Frenchman Mountain have an average age of 1372.7 Ma (n = 7, 2σ 
= 6 Myr) and the samples of the Davis Dam, Lucy Gray Range and Newberry Mountains have an 
average age of 1682.6 Ma (n = 8, 2σ = 3 Myr). The two-mica granite samples yielded more 





Ar dating; Brady, 2000; Karlstrom et al., 2010), yielded an age of 1679 ± 14.8 
Ma and the fragments thought to have been derived from that pluton in Frenchman Mountain 
yielded an age of 1375 ± 24.2 Ma . A different leucogranite located towards the eastern edge of 
Gold Butte (sample Xlg; Table 1.2) has also been proposed as the source for the two-mica 
samples in Frenchman Mountain. A sample taken from this pluton yielded an age of 1717 ± 29 
Ma. This age is from a discordia chord intercept, and as such is less constrained.  The obtained 
ages are shown in Table 1.2. Rims and cores of the zircons were measured when possible. These 
measurements consistently yielded ages that were within error of each other, as can be seen in 
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Figure 1.5. These ages are also shown on Pb*/U concordia diagrams generated in Isoplot 
(Ludwig, 2008) (Appendix B).   
 
Nd Isotopes 
The Nd isotope results cluster in 2 groups, which overlap completely with the grouping defined 
by the U-Pb data (Table 1.3). The first, which includes Gold Butte and Frenchman Mountain, 
have initial εNd values of ~-1 to -1.5 and TDM ~1750 Ma (εNd as defined by DePaolo & 
Wasserburg, 1976, and TDM as defined by DePaolo, 1981). The second group, which includes 
samples from the Newberry Mountains, Davis Dam and Lucy Gray Range, have initial εNd 
values of 0.5 to 1.5 and TDM~1860 Ma. The results from all the Nd analyses are presented in 
Table 1.3.  
 
Fission Track Ages 
Zircon fission track ages (Table 1.4) were obtained from the four stratigraphic intervals of the 
Thumb Member in Frenchman Mountain as defined in Wagner (2010). The zircon ages obtained 
from the two middle intervals are older (255-290 Ma) than those obtained at Gold Butte where 
the oldest age is ~ 155 Ma (Bernet, 2009). However the first and last stratigraphic intervals have 
exhumation ages which overlap with those obtained from Gold Butte. The apatite fission track 
ages overlap with those obtained at Gold Butte (Fitzgerald et al., 1991, 2009). The significance 
of these matching ages is diminished by the commonality of these young ages throughout the 









 Proterozoic exhumation ages were obtained for most of the samples including the two-mica 
granite samples from Frenchman Mountain (Table 1.5). These samples, thought  to be sourced in 
the Cretaceous-age two-mica granite of Gold Butte, yielded total fusion muscovite ages of ~1300 
Ma, biotite ages ~1100 Ma and a feldspar age of 256 Ma (Table 1.5). The rapakivi samples 
analyzed from other localities yielded Proterozoic ages consistent with secular cooling after 
pluton crystallization (e.g. samples 29, 39 and 40), although at different rates for each range. The 
regional scale of this pattern does not allow us to use these results as a provenance discriminant, 
except to rule out the correlation between the Cretaceous granite of Gold Butte and the felsic 
granite clasts of Frenchman Mountain. Overall, in the Lake Mead domain there seems to be a 
predominant ~1300 Ma muscovite signal, ~1100 Ma biotite signal and a 1100-600 Ma K-
feldspar signal (Table 1.5). Hornblende ages, when obtained, were slightly younger than the 
corresponding U-Pb zircon age (1600-1300 Ma; Table 1.5). Locally there are variations 
superposed on this pattern. The step-heating experiments showed complex patterns with few 
samples yielding a plateau distribution or the bucket-shaped profile which is characteristic of 
minerals with excess Ar (Kelley, 2002). Appendix C shows the step heating results for all the 
samples with their integrated ages. In spite of the apparently chaotic step heating profiles 
obtained for the samples (Appendix C), the ages are broadly consistent among each other as well 
as with the total gas ages. This repeatability and the fact that the results were obtained on 
different runs seem to indicate that the patterns represent an inherent characteristic of the Ar 
distribution in the minerals and are not a result of instrumental or analytical error. The results 




Pb Isotopes                   
The Pb isotope values for all the samples overlap (Table 1.6) with values ranging between 16.14 













These do not allow for groups to be discerned among them. The results from the Pb analyses are 
presented in Table 1.6. The data were combined with analyses made by Neiswanger et al. (2009) 
on the same suite of samples.  The plotted data can be found in Appendix D. 
 
Rare Earth and Trace Elements 
The patterns of the elemental concentrations (Table 1.7) normalized to the chondritic uniform 
reservoir (CHUR) values of Sun and McDonough (1989) and the average upper continental crust 
of Taylor and McLennan (1981) are similar for all samples (Appendix E) and are broadly within 
the expected range for granitic rocks (Winter, 2001). All samples classify as “Within Plate 
Granites” using the tectonic setting classification scheme of Pearce et al (1984) and, as with the 
Pb isotopes, form a tight cluster and do not suggest any grouping in the data. For granitic melts, 
Rb, Sr and Ba provide critical constraints on the conditions that prevailed during melting. We 
used this to attempt to distinguish groups within the samples by using Ba vs Sr plots (Anderson 
& Bender,1989). The Ba vs Sr plots show two trends in the data (Appendix E). The trends 
overlap with the Groups 1 and 2 defined by the Nd and U-Pb data. Both trends have more or less 
the same Ba concentrations but different Sr concentrations. The trend that corresponds to Group 
1 has lower concentrations of Sr than that of Group 2, producing two sub-parallel trends that are 
offset on the Sr axis (Appendix E). The results from these analyses are presented in Table 1.6. 




Constraining the Provenance of Frenchman Mountain 
In the rapakivi granites, the results of the U-Pb dating (Table 1.2) and Nd isotopes analyses 
(initial ɛNd values and TDM, Table 1.3) suggest the presence of two groups and allow for a clear 
differentiation between them. The groups obtained using each technique completely overlap. The 
Nd isotope and U-Pb analyses of Frenchman Mountain and Gold Butte samples are 
indistinguishable within error. Furthermore, they are clearly different from the samples analyzed 
from the Lucy Gray Range, Davis Dam and Newberry Mountains. This is consistent with the 
interpretation of Gold Butte as the source for the Frenchman Mountain megabreccias. Samples 
from the Newberry Mountains, the Lucy Gray Range and the Davis Dam will be called Group 1 
and the samples from Frenchman Mountain and Gold Butte will be called Group 2.  
 
On the other hand, the zircon fission track ages observed in the Frenchman Mountain samples (as 
old as 250-300 Ma) are not found in the Gold Butte samples (oldest ages are ~150 Ma; Bernet, 
2009).  This is not consistent with the currently exposed sections of Gold Butte being the source 




Ar exhumation ages obtained from the Frenchman Mountain do 
not provide much constraint on their provenance, but they suggest that if the Thumb Member 
megabreccia is sourced in Gold Butte, they are derived from its central to eastern part, as the 
ages from the western end of the range are much younger, ~90 Ma in muscovites (Reiners et al. 
2000), than those obtained in this study. This is expected as these rocks must represent the most 





The second distinctive lithology that has been cited as evidence for the Gold Butte - Frenchman 
Mountain correlation is the two-mica granite. These samples, found in the stratigraphically 
lowest layer of the Thumb Member megabreccias (Tb1, Table 1.4), have been correlated to 
either a small Cretaceous pluton located on the western end of the Gold Butte (Howard et al., 
2010) or to leucogranites located on the eastern edge of Gold Butte (Sitton, 2009). The U-Pb 
dating of the two-mica granite sample from the megabreccia in Frenchman Mountain yielded an 
age of 1375 ± 24.2 Ma, while the ages at Gold Butte were 1717 ± 29 Ma for the leucogranite and 
1679 ± 14.8 Ma for the Cretaceous two-mica granite. The U-Pb ages in the latter are interpreted 
to represent inherited zircons from the pluton protolith as they match within error the zircon U-
Pb age of a sample of gneiss from Gold Butte (1672 Ma, Karlstrom et al., 2010). This precludes 
the correlation of the megabreccia sample with either of the purported sources. The fission track 
data from the Frenchman Mountain two-mica granite samples show that they were exhumed later 
than the sources of the rapakivi samples. Additionally, the outcrops of breccias where this rock 
type is present are mono-lithologic, instead of mixed as the other breccias, and are confined to 
the southern part of Frenchman Mountain. A possible source of these clasts might be the Greggs 
Hideout leucogranite (Howard et al., 2003; Coven, 2005) located in the White Hills, just to the 
south of Gold Butte. This unit has been assigned an age of 1.68 Ga based on petrographic 
correlations to other dated units to the southeast but has never been radiometrically dated 
(Howard el al., 2003; Beard et al., 2011).  
 
 Based on the strength of the rapakivi granite correlation, which is the main component of the 
Frenchman Mountain megabreccias, we conclude that even though the source of the lowest 
stratigraphic layer of the Thumb Member breccias (Tb1, Table 1.4) is unresolved, the overall 
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correlation with Gold Butte-type rocks is robust. This leads to an explanation for these results 
where the source of the Frenchman Mountain megabreccia deposits are rapakivi granites with a 
geochemical affinity to Gold Butte, but that are no longer exposed. The geochemical boundaries 
that are located in our study area are constrained by limited number of analyses done on a 
relatively small amount of suitable outcrops (Proterozoic crystalline rocks) and as such there is 
some uncertainty associated to their position. They do not need to be adjacent to the present 
outcrop locations. The Nd and Pb isotope boundaries have an approximate north-south trend. 
Assuming this orientation for the geochemical boundary  between Groups 1 and 2, then we 
would have some leeway in the latitude at which Frenchman Mountain was located. However, 
the Cerbat Mountains, located to the south of Gold Butte  have been thouroughly dated 
(Duebendorfer et al., 2001) and the granitic bodies observed there yield zircon U-Pb ages of 1.68 
Ga and older, ruling them out as sources for the breccias of Frenchman Mountain. Additionally, 
the paleogeography of the Miocene need not be the same as the present setting and probably was 
very different. This could lead one to speculate about the presence of a crystalline rock source 
that may be either covered by the extensive post-Thumb Member volcanic rocks that blanket the 
area, might be buried underneath the modern basins or that might have been completely eroded 
away. Considerable erosion could have occurred during the Pennsylvanian-Permian or the late 
Cretaceous and may have exhumed such a terrain. The existence of a pre-Miocene arch in the 
area of study (Kingman Arch; Lucchita, 1966; Beard,1996; Herrington, 2000) and the absence or 
scarcity of Paleozoic clasts in the basal Thumb Member deposits (Parolini, 1986; Beard, 1996) 
may be evidence of this. 
 
Thermochronologic and Structural Studies at Gold Butte 
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A summary of the thermochromologic studies of Gold Butte is shown in Figure 1.6. These 
studies show a long history of burial and exhumation of these rocks. The top of the crystalline 
basement at Gold Butte was completely exhumed in the Cambrian before the Tapeats Sandstone 




Ar ages found 
throughout the block, which cooled past the closure temperatures (Dodson, 1973) of Ar-
muscovite (~300 °C; McDougall & Harrison, 1999) at ~1-1.3Ga (Reiners et al., 2000). There 
was a slow cooling during the Mesozoic and early Cenozoic as evidenced by the ages of titanite 
U-Th/He at ~100-200 Ma (closure temperature of ~150 °C; Reiners et al., 2000, 2002), zircon 
fission track at ~160 Ma and apatite fission track at ~50-60 Ma (closure temperature of ~220°C 
and ~100 °C respectively). After this protracted cooling period there was a rapid phase of 
cooling at ~20-14 Ma (Fitzgerald et al., 1991, 2009; Bernet, 2009) the evidence of which is 
preserved in zircon and apatite fission-track data. This has been attributed to tectonic denudation 




Ar dating of samples in the vicinity of the 
range-bounding fault of Gold Butte have yielded muscovite-Ar ages ~90 Ma (Reiners, 2000).  
 
The amount of tilting of the Gold Butte block is an important element in determining its tectonic 
reconstruction. The overall pattern of tilting has been inferred from the pattern of exhumation 
ages. These interpretations are not unique however, and the amount of tilting during extension 
remains an unresolved issue at Gold Butte. The most widely accepted view is that the block was 
tilted 50°-65° to the east, consistent with the dip of Paleozoic rocks unconformably overlying the 
gneisses along the eastern flank of the range, thus making Gold Butte an intact 16-18 km crustal 
section (Figure 1.7C and 1.7D; Wernicke and Axen, 1988; Fitzgerald et al., 1991, 2009; Fryxell 
et al., 1992; Brady et al., 2000). In contrast, Beard (1996) argued that the gneisses at Gold Butte 
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are more or less untilted, and that the tilt of the Paleozoic rocks relates to down-to-the-west 
displacement on the Grand Wash fault to the east (GWF in Figure 1.3). Her argument hinges on 
the absence of a clear westward younging of apatite fission-track ages and on the lack of 
Paleozoic clasts in 15 million-year-old conglomerates found immediately to the north of Gold 
Butte in the South Virgin Mountains. Similarly, Karlstrom et al. (2010) interpret a detachment 
along the basal Cambrian unconformity in the same area to project above the Gold Butte block 
which accommodates tilting in the overlying sedimentary section. They interpret that the Gold 
Butte gneisses were tilted by an intermediate amount, ~20°, and suggest that the block may be 
dissected by hitherto unrecognized internal faulting (Figure 1.7A and 1.7B). 
 
Alternative Structural Interpretation of Gold Butte 
An alternative hypothesis is that Gold Butte is not a 16 km deep tilted crustal section (Wernicke 
& Axen, 1988; Fryxell et al., 1992) and instead is a tilted fault block analogous to those seen to 
the south in the Colorado River Extensional Corridor (Figure 1.7E; Faulds et al., 2001). This 
hypothesis would allow us to reconcile the apparently contradictory datasets at hand. The 
younging of various thermochronometers towards the west in Gold Butte (Figure 1.6B) has 
usually been taken as evidence for the increase in paleodepth along the Gold Butte crustal 
section. This pattern of ages with respect to faults has been observed in large high-angle normal 
fault systems as well though, the Wasatch fault in Utah being a prime example (Naeser et al., 
1983; Armstrong et al., 2003). Fault blocks are tilted as a result of footwall uplift and the rate of 
uplift decreases with distance from the fault (Vening Meinesz, 1950; Anders et al., 1993), 
resulting in more uplift in the area adjacent to the fault. This uplift results in enhanced erosion 
which produces additional isostatic uplift to the footwall block. If the amount of displacement on 
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the fault is sufficient, thermochronometers will yield ages similar to the time of fault-induced 
exhumation. Progressively older ages, however, will be observed in the footwall as we move 
away from the fault. This is consistent with the age distribution observed at Gold Butte (Figure 
1.6C). Uplift of the footwall of the Lakeside Mine Fault would allow for rocks from the rapakivi 
granites of Gold Butte to have been eroded as normal faulting was initiating, yet these rocks 
having been less deeply buried, would have older zircon fission track exhumation ages than 
those currently found at the surface further at the east end of the block. This would imply that 
there was a pre-Miocene tilting of Gold Butte which produced a gradient in zircon fission track 
ages in the basement from older in the west (~250 Ma observed in the Frenchman Mt samples 
only) to younger in the east (~100 Ma observed in analyses of samples in situ at Gold Butte).  
 
Published constraints for the initial geometry and subsequent tilting of the Lakeside Mine fault 
(Wernicke & Axen, 1988; Fryxell et al., 1992) suggest an original dip of 60° and a present dip of 
30° for the fault. This, combined with the spatial distribution of zircon fission track ages in Gold 
Butte (Bernet, 2009), allow us to determine that the rocks adjacent to the fault in the footwall 
would have been exhumed from paleodepths of ~12 km (Figure 1.7F). This amount of 
exhumation is consistent with the estimates of 15 km of slip on the fault from Brady et al. 
(2000). This is also consistent with evidence of crystal-plastic deformation in quartz and 
greenschist facies metamorphism (both of which occur at ~300°C) in the footwall adjacent to the 
fault (Duebendorfer et al., 2010). The temperature, however, must not have exceeded 350 °C, 
which is the closure temperature of the Ar isotope system in muscovite as there are Cretaceous-
age samples located near the fault (Figure 1.5; Reiners et al., 2000). We consider the Lakeside 
Mine fault as a planar fault at depth, analogous to the Wasatch fault in Utah (Armstrong et al., 
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2003), which has accommodated a relatively small amount of extension (~7 km). This 
interpretation is in broad agreement with Karlstrom et al. (2010) and to some extent with Beard 
(1996).  
 
The main difference between this model and the previous structural interpretation at Gold Butte 
(Wernicke & Axen, 1988; Fryxell et al., 1992), is that in the latter, there is a more or less 
horizontal fault underlying the whole block, while in our model there is no fault underlying Gold 
Butte (Figure 1.7D). The dips observed in the Paleozoic strata (50°-60°) are greater than the 
proposed tilt of the Gold Butte block in our model (30°). We ascribe this difference to tilting 
associated with the development of the footwall of the Wheeler and Grand Wash faults (WF and 
GWF in Figure 1.3). In the crustal section model, the amount of material lost to erosion is small 
(Figure 1.7D). This implies that the sampled rapakivi granite clasts are derived from close to 
present-day exposures of the granite. The dataset of Bernet (2009) can be used to test this. He 
obtained samples from the structurally shallowest (or most eastward) outcrops (Figure 1.6A), 
which should yield ages similar to the oldest zircon fission track ages observed in the Frenchman 
Mt samples. However, the oldest ages obtained by Bernet are ~100 Myr younger than the oldest 
dates obtained in the Frenchman Mt. samples. This is inconsistent with the crustal section model.  
 
In our model, the Frenchman Mountain megabreccias are sourced from the vicinity of Gold 
Butte, but the rock masses that created the debris flows have been eroded away completely. This 
is why the zircon fission track ages preserved in the Frenchman Mt. deposits are not observed in 
situ at Gold Butte. A corollary to this model is that there must have been a gradient in zircon 
fission track ages in Gold Butte prior to Miocene exhumation, with older ages to the west 
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Ar ages obtained from the clasts, which are only observed on the east end of the block, to 
be sourced from the now eroded rocks of the west end of Gold Butte.  
 
Constraints for Palinspastic Reconstruction 
The lack of clear piercing points in this region makes palinspastic reconstructions challenging for 
the Miocene. The textures observed in the megabreccias of Frenchman Mt. suggest that they 
were most likely deposited by rock avalanches (Yarnold & Lombard, 1989; Fryxell & 
Duebendorfer, 2005). These can have run-out distances of up to ~10 km (Topping, 1993), but 
based on estimates of the size of the deposit, this distance was probably no more than 8 km and 
probably less than that (Fryxell & Duebendorfer, 2005). This has been used as a constraint for 
the amount of tectonic displacement of these deposits. If we consider Gold Butte as the source 
for the megabreccias, then their original location must have been within an 8 km radius to the 
Lakeside Mine fault, located on the west side of Gold Butte and along which the range was 
uplifted (Figure 1.8).  This has been the main constraint for palinspastic reconstructions in the 
region. A second criterion, proposed by Rowland et al. (1990), used regional trends of isopachs 
of Cambrian and Devonian strata to place constraints on the location of Frenchman Mountain 
(Figure 1.8). In their study, several stratigraphic sections were measured and combined with the 
regional data from Stewart & Poole (1974) to constrain regional thickness variations in the 
Paleozoic strata. Frenchman Mountain was then  placed where the regional thicknesses matched 
those observed there. The isopachs were drawn assuming that the measured sections correspond 
to the true thickness of the strata, a fact complicated by the structural complexity of  some 
locations. Additionally, the sections were placed at their inferred location in the Miocene, which 
27
 
introduces an assumption about the regional palinspastic reconstruction. Given all the 
uncertainties associated with these trends, the potential error associated to this method was quite 
large (Figure 1.8; Rowland et al., 1990;). 
 
Previous Palinspastic Restorations 
Different models have proposed that Frenchman Mountain was translated to its present position 
by either strike-slip faulting (Longwell, 1974; Bohannon, 1984), normal faulting (Fryxell & 
Duebendorfer, 2005) or a combination of both (Figure 1.8; Umhoefer et al., 2010). These 
interpretations, however, have several unresolved issues. The most striking one is the lack of an 
obvious displacement path from Gold Butte to its present position. The only fault in the area with 
an unambiguous kinematic history is the Hamblin fault, which dissects the Hamblin-Cleopatra 
volcano (HF in Figure 1.3). This fault accounts for 20 km of left-lateral slip since 10 Ma 
(Anderson, 1973; Weber & Smith, 1987), that postdates the period of deposition of the Horse 
Spring Formation. The displacement accumulated on many other structures in the area is not well 
constrained, and usually hinges on the chosen tectonic model. This is well illustrated with the 
Bitter Spring Valley Fault (BSF in Figure 1.3), which is considered part of the LMFS (Anderson, 
1973; Lamb et al., 2005), and has estimates of offset that range from 20-60 km (Bohannon, 1984; 
Campanga and Aydin, 1991). However, recent detailed structural and stratigraphic mapping of 
the fault suggest a maximum displacement of ~11 km (SanFillipo & Umhoefer, 2008).  
 
 If normal faulting is invoked for the translation of Frenchman Mountain, two main issues arise: 
first, the Gold Butte block and Frenchman Mountain block are on different sides of the LMFS. 
This is an issue if the LMFS represents a lateral transfer-fault related to the extensional 
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exhumation of Gold Butte as has been proposed (Fryxell & Duebendorfer, 2005). Second, and 
more importantly, there is practically no variation in tilt between the pre-extensional sedimentary 
section (Paleozoic through Mesozoic rocks) and the supposed syn-deformation sediments of the 
Horse Spring Formation (Bohannon, 1984; Duebendorfer & Wallin, 1991; Beard, 1996; Figure 
1.4). This point is especially problematic. In the case of normal faulting, the tilting would be 
concurrent with exhumation and should be observed in the syn-tectonic sediments (Schlische & 
Anders, 1996) while in the case of strike-slip deformation the tilting patterns may be more 
localized depending on the asperities encountered along the fault (Christie-Blick and Biddle, 
1985).  
 
The purported sources of the Thumb Member at Gold Butte were projected to be at pre-Miocene 
depths of at least 5–6 km (Fryxell et al., 1992). This implies that if Frenchman Mountain was the 
hanging-wall of Gold Butte, footwall rocks at 5-6 km depth must have been exposed and attained 
sufficient topography to produce rock avalanche deposits without any tilting in the hanging-wall 
(Howard et al., 2010). The Frenchman Mountain block, however, shows ample evidence for 
tilting after the Horse Spring Formation was deposited (Bohannon, 1984; Rowland et al., 1990; 
Duebendorfer & Wallin, 1991). Angular discordance exists between this stratigraphic unit and 
the overlying Red Sandstone unit (~10°) and between the Red Sandstone unit and the Muddy 
Creek Formation (~35°). This tilting developed between 12-9 Ma (Duebendorfer & Wallin, 
1992). However, if the Frenchman Mountain block was adjacent to Gold Butte, it was removed 
before 13.3 Ma, based on the absence in Frenchman Mountain of an ash bed found around Gold 
Butte (Howard et al. 2010). Therefore, the block must have been tectonically transported without 
being tilted. Very rapid sedimentation relative to the rate of tilting and diachroneity of tilting 
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across extension parallel transfer faults have been proposed as mechanisms that might explain 
this (Beard, 1996). They cannot, however, account for the consistency of dips. This seems 
inconsistent with the assertion that Frenchman Mountain represents the hanging wall of the 
Lakeside Mine fault, responsible for the exhumation of Gold Butte (Fryxell & Duebendorfer, 
2005). 
 
Strike-slip mechanisms for Frenchman Mountain have been proposed using both the LVVSZ and 
the LMFS (Longwell, 1974; Bohannon, 1984; Beard, 1996). Bohannon (1979, 1984) proposed 
that Frenchman Mountain was translated along the LMFS to its current location. Despite the 
apparent abundance of strike-slip faults on which to do this, the only fault that has a clear 
constraint on the type and amount of offset is the Hamblin fault (Anderson, 1973). There are 
other faults in the area which have left-lateral separation on them (Lime Ridge fault, Gold Butte 
fault, Hen Spring fault, etc), but their kinematics may have been oblique in nature (Beard, 1996). 
Bohannon (1979, 1984) based his reconstruction on the location of the intersection between the 
Triassic and Jurassic age rocks with the basal unconformity of the Tertiary rocks. However, the 
discordance is subtle, which coupled with the irregular topography at the base of the Tertiary 
makes the reconstruction non-unique (Fryxell & Dubendorfer, 2005). This reconstruction places 
Frenchman Mountain ~40 km WNW of Gold Butte (Figure 1.8B), further than is consistent with 
the emplacement of the breccias (Fryxell & Duebendorfer, 2005). Longwell (1971) proposed that 
Frenchman Mountain was translated along the LVVSZ and the Gold Butte left-lateral fault to its 
present location (Figure 1.8H). Anderson (1973) showed that there was no evidence for a 
continuation of the Gold Butte fault through Boulder Canyon in Lake Mead, as suggested by 
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Longwell, and discounted this hypothesis. Beard (1996) offered a similar hypothesis but placed 
the continuation of the Gold Butte fault north of the Wilson Ridge pluton.   
 
Anderson et al. (1994) proposed a mechanism of tectonic rafting and escape to account for 65 
km of westward translation of Frenchman Mountain. Their model also required 55 km of N-S 
shortening, which was accommodated by large scale west-ward escape of a tectonic block 
comprised of the Boulder Basin, Frenchman Mountain and the Las Vegas Valley. Through this 
model they also accounted for the differences in structural style between the northern Colorado 
River Extensional Corridor and the Lake Mead domain.  
 
New Palinspastic Reconstruction for Frenchman Mountain 
The correlation between Frenchman Mountain and Gold Butte confirms the discrepancy between 
the amount of displacement in the Mormon Mountain and Lake Mead domains. Furthermore, 
none of the previous palinspastic models explains this observation. This leads us to propose a 
new palinspastic reconstruction for this area. We consider that any reconstruction must satisfy 
the following observations: 1) At ~17 Ma, Frenchman Mountain was within 8 km of Gold Butte 
or geochemically similar rocks as evidenced by the breccia emplacement; 2) Frenchman 
Mountain was no longer adjacent to Gold Butte by 13.3 Ma (Howard et al., 2010) as the absence 
of a regional ash there shows; 3) Frenchman Mountain was adjacent to the River Mountains by 
13 Ma, shown by interfingering of 13 Ma lavas from the River Mountains with Frenchman 
Mountain sediments (Weber & Smith, 1987); 4) There is no substantial tilting of Frenchman 
Mountain until 12 Ma and mostly after 9 Ma (Figure 1.4; Bohannon, 1984; Beard, 1996); 5) 
There is 15 km of extension related to the opening of the 13-14 Ma Wilson Ridge pluton 
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(Duebendorfer et al., 1998); 6) There is 20 km of post-10 Ma pure left-lateral slip on the 
Hamblin-Cleopatra fault  (Anderson, 1973; Ron et al., 1993); 7) Frenchman Mountain is 
currently located ~ 55 km to the west of the western boundary of Gold Butte (Figure 1.3; the 
Lakeside Mine fault). We propose a new kinematic history for the Frenchman Mountain block 
that satisfies these conditions and utilizes both the LMFS and the LVVSZ strike-slip systems to 
translate Frenchman Mountain from the vicinity of Gold Butte to its current position. This 
translation history is simpler than previous reconstructions. The two main stages are as follows: 
 
- Post 10 Ma: the first step in this reconstruction is to remove the ~3 km of N-S shortening and 
the 20 km of displacement on the Hamblin Bay – Hen Spring fault system, which are coeval 
(Figure 1.9A). This fault system has a left stepover which resulted in the opening of the Overton 
Arm pull-apart basin and a right step-over which produces a pop-up structure, the Echo Hills 
(Campagna & Aydin, 1991, 1994). Removing the slip on this fault system removes both of these 
features.  This displacement is equivalent to ~ 13 km of eastward displacement of Frenchman 
Mountain. Once this is done, the strike-slip fault north of Frenchman Mountain (the south-
easternmost extent of the mappable LVVSZ) aligns with a large step-over in the South Virgin–
White Hills detachment system (SV-WHDS).  This places the restored LVVSZ north of Boulder 
Canyon (BC in Figure 1.3). This step-over also coincides with the “Pervasively Fractured Zone” 
of Coven (2005) and with marked gravity and magnetic gradients (Langenheim et al, 2010). 
Duebendorfer et al. (2010) suggested that this step-over corresponds to a relay ramp between 
segments of the SV-WHDS. We propose that this structure actually corresponds to the surface 
expression of the LVVSZ. The extent of the LVVSZ east of Frenchman Mountain would have 
been active mostly during the early phase of extension (16-13 Ma) and evidence for this 
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displacement may not be presently observable due to subsequent structural events. This restores 
the Frenchman Mountain-River Mountains (FM-RM) block to the approximate position of the 
Boulder Basin and Gale Hills (Figure 1.9A). This period of deformation is fundamentally strike-
slip mode. Ron et al. (1986) used paleomagnetic analyses to demonstrate that there were 
practically no horizontal axis rotations in the Hamblin-Cleopatra volcano. All of the deformation 
corresponded to vertical-axis rotations, as would be expected in a strike-slip setting. This allows 
us to use a plane-strain approximation (no strain in and out of the plane) when removing this 
deformation in map view.  
 
- The second step in this reconstruction assumes that the FM-RM block moved towards the SE 
along the LVVSZ (Figure 1.9B). This step differs from previous strike-slip reconstructions as 
they mostly use continued displacement along various strands of the LMFS to place Frenchman 
Mountain to the N-NW of Gold Butte. As we consider the LVVSZ to be an oblique transfer zone 
(Faulds & Varga, 1998) between domains with different amounts of extension, the amount of 
displacement accrued by this structure is constrained by the extension differential on both sides 
of it. This extension was accomplished by two mechanisms: tilting of normal fault blocks and 
extensional strain related to dike emplacement.  
 
At the north end of the Black Mountains there is an exposed pluton, the Wilson Ridge pluton. 
This pluton is thought to be responsible for 15 km of extension (Anderson et al., 1994). The 
pluton is formed mostly by sub-vertical dikes that have intruded each other resulting in pure 
extensional strain, analogous to the sheeted dike complexes found at mid-ocean ridges. The dikes 
are oriented north-south, consistent with an east-west extension direction. K-Ar whole rock 
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analyses of this pluton have yielded an age of 13.1 Ma (Anderson et al., 1994). This indicates 
that the extension attributed to this pluton would have occurred after much of the normal faulting 
had been completed, but before the onset of strike-slip faulting. This would have translated 
Frenchman Mountain a further 15 km towards the east (Figure 1.9B).  
 
- The final step to be removed corresponds to the normal faulting that took place in the NCREC 
(Figure 1.9C). The faults that are to the east of the FM-RM block are the Grand Wash Fault, the 
Wheeler Fault; the Spring Wash and Cyclopic Mine segments of the South Virgin-White Hills 
Detachment, the Detrital Fault, the Blind Goddess and the El Dorado Mountains Fault suite 
(Figure 1.3). The timing and rate of extension on these faults systems has been well documented 
(Gans & Bohrson, 1998; Faulds et al., 1999, Faulds et al., 2001; Swaney et al., 2010) and 
coincides with the timing of deposition of the Thumb Member sediments. The initiation and peak 
rates of tilting of the syn-extensional stratigraphic sequence and the exhumation ages of 
footwalls (both used as a proxy for crustal extension) for these faults has been dated between 
16.5 and 15.2 Ma (Faulds et al., 1999). The cutoff angles between the syn-extensional strata and 
the faults indicate that the faults had dips in excess of ~60° when they formed. As extension 
progressed, these faults were tilted to the low angles they have today, ~30°. This tilting of fault 
blocks can accommodate up to 100 % extension, without taking into consideration any internal 
faulting of either the fault blocks or the basin fill (Jackson & White, 1988). If after reaching their 
lock-up angle a new generation of faults is formed, extension can surpass this amount (Jackson 




The present geology suggests that this has been the case here. The South Virgin-White Hills 
detachment fault (SWD in Figure 1.3) is exposed in the White-Hills south of Lake Mead. These 
hills are bounded on the west side by high-angle normal faults (dips of 50°- 60°; Faulds et al., 
2010; Beard et al., 2011) that contribute to the their uplift and expose the early basin-fill. These 
faults have been interpreted as hanging wall splays or break-up faults (Faulds 1999, Faulds et al. 
2010). We propose that the high-angle fault corresponds to a second generation of faults formed 
in response to the SV-WHDS reaching its lockup angle (Figure 1.10).  The detachment is 
characterized by corrugations, which are interpreted here and elsewhere as fault over-steps that 
coalesce and acquire their pronounced shape as the fault is tilted during extension (Wong & 
Gans, 2008; Duebendorfer et al., 2010). When untilted, these corrugations are similar in scale to 
the segmentation observed in active high-angle faults (Wong & Gans, 2008). These observations 
are consistent with a domino-style of extension (Profett, 1977) and suggest that the estimate of 
100% extension due to normal faulting is appropiate for this region. The E-W distance between 
the inferred location of Frenchman Mountain after the WRP is removed and the White Hills just 
south of Gold Butte is ~ 44 km. If we assume 100% extension along this transect, this would 
imply that there has been ~22 km of E-W extension accommodated by domino-style faulting 
here (Figure 1.9C).  
 
During this time interval, most of the deformation is accrued by normal faults, hence a plane-
strain approximation in map-view is inaccurate. A cross-section view would be appropriate as 
there is tilting and vertical motions in and out of the map plane. Also the modern outline of 
topographic features and structural blocks was almost certainly not the same in the Miocene. 
However, for ease of visualization and to use the modern geographic features as references we 
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use the present outlines of these and remove the extension (which is obtained independently) by 
closing basins in map view. It is important to keep in mind though, that this is schematic 
approximation of the paleogeography.  
 
In our model there is extension occurring during the Miocene north of the LVVSZ which 
included the Lakeside Mine fault of Gold Butte as well. We use the present distance between 
Gold Butte and Frenchman Mountain (instead of the Colorado Plateau) as a benchmark because 
the only fault west of Gold Butte, the Grand Wash Cliffs fault, extends south into the NCREC 
displacing both Frenchman Mountain and Gold Butte. The absence of a defined shear zone 
between the White Hills and Gold Butte suggests that at this location there had not been enough 
difference in slip between extensional domains to form a transfer zone (the LVVSZ). This 
implies that most of the extension taking place north of the LVVSZ took place west of Gold 
Butte.  
 
In total, this restoration removes  45-50 km of E-W displacement between Gold Butte and 
Frenchman Mountain placing it to the SW of the western edge of Gold Butte at the onset of 
extension (Figure 1.9D), and well within the expected range for travel distances of rock 
avalanche generated megabreccias (Figure 1.6; Yarnold & Lombard, 1989; Topping, 1993).  
Stratigraphic evidence for the location of the avalanche source with respect to Frenchman 
Mountain is equivocal. Parolini (1986) and Rowland et al. (1990) documented north-directed 
paleocurrent indicators, suggesting a source south of Frenchman Mountain. These studies 
assumed no vertical axis block rotations, however, which is inconsistent with subsequent 
paleomagnetic studies (Sonder et al., 1994). Fryxell & Duebendorfer (2005) used the size 
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distribution of the blocks found within the megabreccias to suggest that the source area for these 
deposits was instead located to the north of Frenchman Mountain.  
 
This hypothesis would also be consistent with the tilting patterns observed at Frenchman 
Mountain (Figure 1.4). During and prior to the deposition of the Thumb Member megabreccias, 
Frenchman Mountain was translated along the LVVSZ resulting in the vertical axis rotations 
observed on its north side (Sonder et al., 1994). Most of the normal faulting occurred to the east 
of Frenchman Mt. during this time, as indicated by the peak tilting rates observed in the syn-
tectonic strata there (Gans & Bohrson, 1998; Faulds et al., 1999, Faulds et al., 2001; Swaney et 
al., 2010). It is possible that Frenchman Mt was slightly tilted during this process. The amount of 
tilt would have depended on the wavelength of the flexural deformation caused by the normal 
faulting. However the amount of tilt decreases rapidly away from active fault and was likely no 
more than a few degrees. This idea is consistent with the overall lack or very localized evidence 
for syn-depositional tilting observed within the Horse Spring Formation (Wagner, 2010) as well 
as the overall disconformity of the Horse Spring Formation with the pre-Miocene stratigraphy. 
Frenchman Mountain was not tilted and internally extended until the development of the Boulder 
Basin at 12 Ma when the locus of extension migrated towards the west (Duebendorfer & Wallin, 
1991). This is consistent with the angular unconformity developed between the Horse Spring 
Formation and the Red Sandstone, as well as with the abundant evidence of fanning dips within 
the latter unit. This model is also broadly consistent with the constraints proposed by Rowland et 
al. (1990) based on the thickness distribution of Cambrian and Devonian stratigraphy in 




Although our proposed model is consistent with all of the geologic constraints discussed above, 
it differs from the current paleogeographic interpretation of the Kingman Arch (Bohannon, 1984; 
Herrington, 2000). Our projected location for Frenchman Mountain would place it within the 
eastern limb of this feature. At this location it has been interpreted that all the Mesozoic rocks 
had been eroded away prior to the onset of extension. Mesozoic strata, however, are present at 
Frenchman Mountain. Mesozoic rocks are also still present in the South Virgin Mountains, just 
north of Gold Butte (Figure 1.3). Beard (1996) showed that Gold Butte was uplifted with respect 
to the South Virgin Mountains at ~ 16 Ma, which may account for the stripping of the Mesozoic 
section from this range. Karlstrom et al. (2010) suggested that some of the small normal faults 
observed in eastern side of Gold Butte may have been formed initially as reverse faults during 
Laramide deformation. This may also help explain the local absence of Mesozoic sediments in 
this area. Additionally Frenchman Mountain was not tilted and uplifted until much later after 
Gold Butte which would have resulted in less erosion of this block and preservation of the 
Mesozoic section. The Mesozoic section is only ~400 m thick and given the uncertain geometry 
of the eastern limb of the Kingman Arch (Beard, 1996; Herrington, 2000), we consider that this 
issue does not disallow our model.  
 
Regional Significance of the Las Vegas Valley Shear Zone 
As proposed by Duebendorfer & Black (1991), the LVVSZ would have served as a transfer zone 
between two domains with variable amounts of extension. They proposed that this structure was 
the boundary between the highly extended Boulder Basin, just south of the western arm of Lake 
Mead, and the relatively unextended Muddy Mountains to the north. Guth (1981) also proposed 
that the LVVSZ served as a transfer zone between the extended Sheep Range “detachment 
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system” and the unextended Spring Mountains block to the south. Herein, we suggest that this 
regional fault system extended from the Specter Range to the transition zone between the central 
Basin and Range and the Colorado Plateau, near the present location where the Colorado River 
exits the Grand Canyon, and is the boundary between the highly extended NCREC and the less 
extended Lake Mead domain. The orientation of the LVVSZ is oblique to the E-W direction of 
extension observed in the region (Guth, 1981; Faulds et al., 1999). This structure, however, is a 
composite transfer zone (Faulds & Varga, 1998) formed by an array of faults with a WNW 
orientation (Campagna & Aydin, 1994) more closely aligned to the extension direction. This 
geometry has been observed in other rift zones, such as the Embudo transfer zone of the Rio 
Grande rift (Aldrich, 1986; Faulds & Varga, 1998). 
 
There are several lines of evidence that point to the existence of a pre-12 Ma LVVSZ. Sonder et 
al. (1994) determined the amount of rotation of rocks near the LVVSZ oroflexure using 
paleomagnetic directions of Miocene sediments. They determined that in Frenchman Mountain, 
clockwise rotation started no later than during deposition of the lowermost Thumb Member 
sediments, ~16 Ma. They suggested that the amount of rotation decreased exponentially away 
from the fault and became negligible at 20-25 km from the LVVSZ. The rocks of the southern 
part of Frenchman Mountain were less rotated than those to the north suggesting that the LVVSZ 
was located north of Frenchman Mountain. Wagner (2010) completed detailed kinematic 
analyses on the strike-slip faults that cut the northern section of Gold Butte and determined that 
they had sinistral strike-slip kinematics and represented a book-shelf style rotation of blocks 
within a larger dextral shear zone, consistent with the paleomagnetic data and overall kinematics 




There is also a fundamental shift in the style of extension at the LVVSZ. The area south of the 
LVVSZ, the NCREC, exhibits block faulting along steep planar faults, with deeply eroded 
hanging-wall blocks (Volborth, 1973; Faulds et al. 2001). Syn-tectonic sediments in the 
extensional basins associated with the block faulting display progressive tilting of strata. 
Megabreccia deposits similar to those found in Frenchman Mountain are also found in these 
basins (Faulds, 1993). Based on paleomagnetic studies, the footwalls in this area are thought to 
be tilted 45°- 60° to the west (Faulds et al., 1992). The NCREC overlaps with the inferred 
location of the Kingman Arch (Lucchita, 1966, Bohannon, 1984) which may be a cause of the 
pronounced difference in structural style with the Lake Mead domain to the north.  
 
The structural style observed north of the LVVSZ has a much larger component of strike-slip 
faulting involved. Faults such as the Wheeler fault, the Gold Butte fault, the Lakeside Mine fault 
and the Lime Ridge fault were thought to have initiated activity ~16 Ma (Beard, 1996; Beard et 
al., 2010; Umhoefer et al., 2010) but the amount of extension accrued by these faults is limited 
(Brady et al., 2000). The kinematics of the Gold Butte and Lime Ridge faults are not well 
constrained but they dip ~50° to the north and are commonly considered strike-slip faults due to 
the observed left-lateral stratigraphic separation (Beard, 1996; Beard et al., 2010). Beard (2006) 
and Beard et al. (2010) documented a linked system of normal and strike-slip faults related to 
these faults as well as stratigraphic evidence for the uplift of the Gold Butte block with respect to 
the Tramp Ridge at ~16 Ma. Due to these considerations we consider these faults to be oblique in 
nature and primarily associated to extensional kinematics. The large amount of stratigraphic 
separation may be due to the large displacement gradient observed on the Grand Wash Fault at 
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this latitude. Geophysical studies (Langenheim et al., 2010) show an abrupt deepening of the 
Grand Wash Trough towards the north, which suggests an increased amount of extension which 
may be related to the segmentation of the hanging wall reflected in the observed left-lateral 
separation. This stratigraphic separation may have been accentuated due to left-lateral 
reactivation of the faults during the opening of the Overton Arm basin.  In our model, we assume 
that extension north of the LVVSZ was approximately equal to the amount of extension 
documented in the Mormon Mountain domain (Walker, 2008; Anders et al., 2013; Bohannon, 
1993), on the order of 25 km. 
 
The true strike-slip kinematics observed in the Hamblin Bay fault and opening of the Overton 
arm pull-apart basin did not start until at least ~10 Ma (Campagna & Aydin, 1994). At that point 
the displacement on the LVVSZ had almost stopped completely. Even though the extension 
south of the LVVSZ initiated in a more or less synchronous manner throughout the region, the 
locus of extension migrated west over time as is evidenced by the extension of the Boulder Basin 
area at 12-9 Ma (Duebendorfer & Wallin, 1991), several million years after the peak extension 
rates observed further east.  This difference in timing is the reason the LMFS mostly offsets the 
LVVSZ, although the late local reactivation of the LVVSZ as a reverse fault in the vicinity of the 
Calville interaction zone (Figure 1.3; Lamb et al., 2005) where it encounters the LMFS may be 
due to a short-lived temporal overlap of these two fault systems. This change in structural style 
from normal faulting to strike-slip faulting in the Lake Mead domain may be related to the 
change in regional stress state that occurred in the Basin and Range at ~11 Ma (Zoback et al., 
1981) which also coincides with the development of the Eastern California Shear Zone (Dokka 




Extension across the Las Vegas extended terrane 
We can apply this idea on a more regional scale. Tilted fault blocks can be observed between the 
Colorado Plateau and the Spring Mountains in the NCREC. We assume that these blocks 
accommodate more or less the same amount of extension as those between Gold Butte and 
Frenchman Mountain, ~100%. Apatite fission track exhumation ages suggest initiation of 
extension at ~16 Ma west of Frenchman Mountain, in the Highland Range, the McCullough 
Range and the Lucy Gray Range (Faulds et al., 2002; Mahan et al., 2009). The present distance 
between the Spring Mountains and the Colorado Plateau on an E-W transect is ~120 km. This 
would imply ~60 km of extension. Including the 15 km extension associated to the emplacement 
of the WRP, yields a total of ~75 km of extension south of the LVVSZ (Figure 1.11). The 
LVVSZ displacement goes to zero at the Specter Range at the NW end of the Las Vegas Valley. 
If this structure is indeed a transfer zone, this suggests that the difference in the amount of slip 
between the regions north and south of the LVVSZ evens out at that point. Guth (1981) 
estimated that there had been 100% extension between the Specter Range and the Arrow Canyon 
Range. The present distance between these ranges is 100 km, which would translate into 50 km 
of extension. Adding the 20-25 km of extension estimated between the Colorado Plateau and the 
Meadow Valley Range in the Mormon Mountains domain, we obtain a value of ~70-75 km of 
extension for this region (Figure 1.11). This results in the same amount of extension on both 
sides of the LVVSZ, which is consistent with our hypothesis.  
 
The maximum amount of displacement along the LVVSZ would be to the west of the present-
day location of Frenchman Mountain, where the southern portion had accrued all ~75 km of 
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extension and the northern portion had only accrued 25 km of extension. This difference of ~50 
km in east-west extension projects to ~ 57 km of displacement along the azimuth of the LVVSZ 
(Figure 1.11). This number is well within the range of previous estimates for maximum 
displacement on the LVVSZ from geologic data, which range from 23 to 69 km (Burchfiel, 
1965; Stewart, 1967; Longwell, 1974; Wernicke et al., 1982). The maximum displacement on the 
LVVSZ also overlaps with the deepest part of the Las Vegas Valley, located just to the northwest 
of Frenchman Mountain (Figure 1.11). The depocenter has been interpreted as a pull-apart basin 
formed between overlapping strands of the LVVSZ (Campagna & Aydin, 1994; Langenheim et 
al., 2001), which is also consistent with our interpretation of the LVVSZ. The recent 
interpretation of the Furnace Creek Fault Zone as a similar structure of regional importance by 
Renik & Christie-Blick (2013) suggests that transfer fault zones might be a more pervasive 
feature within the Basin and Range than is currently recognized.  
 
Conclusions 
 Nd isotope ratios and U-Pb ages provide a robust tie between the rapakivi granites of Gold Butte 
and the megabreccia deposits of Frenchman Mountain. This dataset is at odds with fission track 
data obtained from the same samples. A new model is proposed for the Gold Butte section in 
which the range is not a continuous 16 km deep crustal section bound between two faults, but 
instead is a normal fault block uplifted by a deep-seated planar normal fault analogous to the 




Ar exhumation ages. 
This implies that Gold Butte was tilted to the east prior to Miocene extension and possibly as 
part of the Kingman Arch. This hypothesis allows us to reconcile the seemingly contradictory 
datasets and suggests that Frenchman Mountain was adjacent to Gold Butte at the time of the 
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Thumb Member megabreccia deposition. The Nd isotopes and U-Pb ages show that the two-mica 
granite found in Frenchman Mountain does not correspond to either the Cretaceous Twin Springs 
granite or the leucogranites of Gold Butte. Pb isotopes and element concentration patterns of 
these same rocks were not distinctive enough to provide any insight into the provenance of the 
Frenchman Mountain megabreccias.  
 
We propose a palinspastic model where Frenchman Mountain was translated to its current 
position by strike-slip faulting. This translation was accommodated by the LVVSZ first and then 
by the Hamblin fault. This model places Frenchman Mountain just to the SW of Gold Butte at 
the initiation of extension ~20-16 Ma. 
 
In our model the LVVSZ served as a transfer structure between domains with similar amounts, 
but different spatial distribution, of extension, analogous to the transfer structure observed by 
Renik & Christie-Blick (2013) in Death Valley (i.e. the Furnace Creek fault zone). This feature 
initiated coeval with extension. On a regional scale it accommodated up to 50 km of differential 
extension between the Spring Mountains and the Colorado Plateau.  
 
Our model requires a smaller amount of extension for the Lake Mead domain (~100%) than that 
required be previous models (up to ~600%; Wernicke et al. 1988; Duebendorfer et al., 1998; 
Fryxell & Duebendorfer, 2005) and does so without using structures incompatible with Byerlee-




Table 1.1: Sample locations.
Sample Locality Coordinatesa Lithology
Easting Northing
13 Newberry Mts. 697429 3895197 Rapakivi granite
17 Newberry Mts. 702038 3900084 Rapakivi granite
29 Newberry Mts. 705873 3909916 Rapakivi granite
35 Lucy Gray Range 654464 3949321 Rapakivi granite
36 Lucy Gray Range 654140 3949150 Rapakivi granite
39 Lucy Gray Range 657636 3941407 Rapakivi granite
20 Davis Dam 723202 3898520 Rapakivi granite
21a Davis Dam 720735 3896469 Rapakivi granite
22 Davis Dam 718892 3899007 Rapakivi granite
L Gold Butte 752561 4014489 Rapakivi granite
N Gold Butte 750107 4016554 Rapakivi granite
Q Gold Butte 750777 4011365 Rapakivi granite
W Gold Butte 756695 4011327 Rapakivi granite
F Gold Butte 745225 4008750 Two-mica granite
Xlg Gold Butte 760090 4015020 Leucogranite
1a Frenchman Mt. 686583 4008503 Rapakivi granite
2b Frenchman Mt. 686127 4007605 Rapakivi granite
3 Frenchman Mt. 686978 4007747 Rapakivi granite
5a Frenchman Mt. 686450 4007633 Rapakivi granite
8 Frenchman Mt. 686775 4007778 Rapakivi granite
9 Frenchman Mt. 686292 4007581 Rapakivi granite
10 Frenchman Mt. 687961 4006098 Rapakivi granite
11 Frenchman Mt. 687858 4006469 Rapakivi granite
12 Frenchman Mt. 684297 3998982 Felsic granite
44 Frenchman Mt. 684206 3998773 Felsic granite
46 Frenchman Mt. 684206 3998773 Felsic granite
NV3 Frenchman Mt. 687926 4004863 Rapakivi granite
40 McCullough Range 664435 3955912 Non-megacrystic rapakivi
a All UTM locations are for zone 12. Datum NAD27 was used.
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Table 1.2: U-Pb data.
Samplea Locality n Average age (Ma)b MSWDc Total error (Ma)d
13 Newberry Mts. 18 1685.0 0.7 8.0
17 Newberry Mts. 17 1683.7 0.4 11.5
29 Newberry Mts. 17 1681.1 0.2 11.9
35 Lucy Gray Range 17 1682.3 0.6 10.2
39(1) Lucy Gray Range 12 1681.6 3.9 7.9
39(2) Lucy Gray Range 27 1680.4 1.1 8.3
20 Davis Dam 24 1683.0 1.1 4.7
22 Davis Dam 18 1683.3 0.6 8.1
F Gold Butte 5 1679.7 0.1 14.8
L Gold Butte 18 1372.5 0.3 42.1
W Gold Butte 12 1376.4 0.3 18.4
Xlge Gold Butte 15 1717.0 31.0 29.0
1a Frenchman Mt. 18 1372.6 0.3 21.1
3 Frenchman Mt. 21 1372.0 0.2 48.8
5a Frenchman Mt. 22 1373.0 0.4 18.3
11 Frenchman Mt. 14 1375.5 0.2 27.3
12 Frenchman Mt. 8 1375.0 0.7 24.2
NV-3 Frenchman Mt. 15 1367.0 0.2 43.8
a All UTM locations are given in Table 1.1.
b Ages are the weighted mean (weighting according to the square of the internal uncertainties) of
measurements taken on n zircons per sample.
c Mean square weighted deviation of each data set.
d Total error of the age is determined by quadratic addition of the systematic (or internal) errors
and the random (or external) uncertainties.








































































































































































































































































































































































































































































  Table 1.4: Fission-track data of Frenchman Mountain megabreccia samples 
 
Sample  Mineral n Track Densitya 
 (x 106 tr cm-2) 
ρs            ρi            ρd 

















    Tb1d 



















38.1±2.4 - - 
Tb2 d          
RA12-
NV1 








45.2±6.0 - - 








257.3±32.4 - - 
          
RA12-
NV2 









16.6±2.2 - - 








256.7±41.1 - - 
Tb3 d          
RA 5a 
 








286.7±22.8 - - 
          








19.2±2.6 - - 








290.3±22.1 - - 
Tb4 d          









18.1±2.8 - - 









92.4±9.9 - - 
          
RA12-
NV3 









14.7±2.3 - - 









64.7±5.1 - - 
 
 a Analyses by external detector method using 0.5 for the 4π/2π geometry correction factor; 
b Pχ2 is the probability of obtaining a χ2 value for v degrees of freedom where v = no. of crystals - 1;  
c Ages calculated using dosimeter glass: IRMM540R with ζ540R = 368.1±14.9 (apatite) and IRMM541 with ζ541 = 
121.1±3.5 (zircon) 
d Tb1 – Tb4, layers of megabreccia as defined by Wagner (2010). Tb1 is the stratigraphically lowest layer.  
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Table 1.5: 40Ar/39Ar total gas results.
Sample Mineral Ca/K %40Ar* Age (Ma) ± Age (Ma) (T)otal Gas or
(S)tep Heating
2b Hornblende 0.02359b 98.2 1113.1a 2.0 T
Frenchman Mt. Hornblende 0.05996b 98 1130.7 1.7 T
Rapakivi granite Biotite 0.04242 98.5 1121.2 2.2 T
Biotite 0.01117 97 1169.6 1.7 T
Biotite 1143.0 5.0 S
Feldspar 0.12726 98.4 6146.7d 15.5 T
5a Hornblende 13.07938 50.1c 935.3 7.7 T
Frenchman Mt. Hornblende 910.0 30.0 S
Rapakivi granite Biotite 0.20198 97 1240.6 2.2 T
Biotite 1184.0 6.0 S
Biotite 1306.0 6.0 S
Biotite 1274.0 6.0 S
Biotite 1297.0 6.0 S
Feldspar 631.0 3.0 S
Feldspar 555.0 3.0 S
Feldspar 717.0 10.0 S
Feldspar 0.00251 98.4 587.3 1.1 T
8 Hornblende 13.48492 5.4c 655.1 45.6 T
Frenchman Mt. Hornblende 1069.0 5.0 S
Rapakivi granite Biotite 0.00279 97.1 1185.4 2.0 T
Feldspar 560.0 30.0 S
Feldspar 1017.0 5.0 S
Feldspar 0.00134 98.7 597.5 1.1 T
9 Hornblende 22.55438 16.2c 461.2 20.2 T
Frenchman Mt. Biotite 0.05213 95.2 1175.1 2.1 T
Rapakivi granite Biotite 0.05634 85.5 894.5 1.7 T
Biotite 1119.0 6.0 S
Biotite 1114.0 5.0 S
Feldspar 657.0 4.0 S
Feldspar 0.01111 98.4 670.7 1.0 T
21a Hornblende 0.06445b 82.3 149.4 0.6 T
Davis Dam Biotite 793.0 4.0 S
Rapakivi granite Biotite 0.00913 99.3 333.6 0.8 T
Feldspar 503.0 3.0 S
Feldspar 10.26319 93.5 1494.9 3.9 T
29 Hornblende 5.64649 77.8 1559.6 3.9 T
Newberry Mts. Biotite 1129.0 5.0 S
Rapakivi granite Biotite 0.10477 89.1 1005.3 2.0 T
Feldspar 0.00969 98.7 698.1 1.4 T
36 Hornblende 4.21405 97.9 2377.5d 3.2 T
Continued on next page
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Table 1.5 – Continued from previous page
Sample Mineral Ca/K %40Ar* Age (Ma) ± Age (Ma) (T)otal Gas or
(S)tep Heating
Lucy Gray Range Biotite 0.01221 98.9 1670.6 3.9 T
Rapakivi granite Feldspar 0.00911 97.5 1190.3 2.4 T
39 Hornblende 11.25776 75.8 1231.6 5.5 T
Lucy Gray Range Biotite 0.01602 99 1189.0 2.0 T
Rapakivi granite Feldspar 0.02328 97 1092.8 2.1 T
44 Hornblende 6.13421 97.6 2345.5d 3.4 T
Frenchman Mt. Hornblende 936.0 5.0 S
2 mica granite Biotite 1070.0 5.0 S
Biotite 0.01671 98.5 1131.6 2.4 T
Feldspar 0.00467 88.2 256.1 0.9 T
46 Muscovite 0.0222 96.7 1397.9 2.2 T
Frenchman Mt. Muscovite 1297.0 9.0 S
2 mica granite Muscovite 1333.0 6.0 S
Muscovite 1331.0 6.0 S
Biotite 3.49369 11.9c 296.7 11.9 T
Biotite 440.0 3.0 S
Feldspar 635.0 3.0 S
Feldspar 0.16001 72.7 4848.6d 95.3 T
40 Hornblende 5.89073 96.5 1625.8 3.5 T
McCullough Range Biotite 0.0162 99.2 1439.8 2.3 T
Rapakivi granite Feldspar 0.00569 99.6 1208.6 2.9 T
a Italicized ages indicate problematic results. Possible source of error is marked using the
symbols below.
b Ca/K too low for hornblende.
c %40Ar too low.
d Ages are unrealistically old, likely due to excess Ar in the mineral grain.
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Table 1.6: Pb Data.
Samplea Locality 206Pb/204Pb b 207Pb/204Pb b 208Pb/204Pb b Delta Jeromec
17 Newberry Mts. 16.4909 15.4280 36.1333 7.77
29 Newberry Mts. 16.1455 15.3893 35.6393 7.49
L-17-avg Newberry Mts. 16.1029 15.3876 35.6387 7.77
35 Lucy Gray Range 16.1506 15.3870 35.7249 7.21
39 Lucy Gray Range 16.2620 15.4027 35.8873 7.62
20 Davis Dam 16.2905 15.4103 36.6798 8.08
22 Davis Dam 16.3830 15.4185 35.7644 7.94
L Gold Butte 16.4391 15.4273 35.5917 8.24
W Gold Butte 16.2373 15.3974 35.9092 7.35
L-L - avg Gold Butte 16.2488 15.4028 35.8606 7.77
L-N - avg Gold Butte 16.1855 15.3931 35.8420 7.46
L-Q - avg Gold Butte 16.1448 15.3891 35.8337 7.48
1a Frenchman Mt. 16.3016 15.4057 35.9752 7.51
3 Frenchman Mt. 16.2675 15.3994 35.9695 7.23
5a Frenchman Mt. 16.3772 15.4112 36.07319 7.27
11 Frenchman Mt. 16.5433 15.4270 36.2491 7.12
NV3 Frenchman Mt. 16.1577 15.3916 35.8999 7.60
L-1a Frenchman Mt. 16.2062 15.3944 35.8863 7.37
L-3 Frenchman Mt. 16.1475 15.3856 35.8738 7.10
L-10 Frenchman Mt. 16.2029 15.3935 35.8727 7.31
L-11 Frenchman Mt. 16.2355 15.4016 35.9341 7.79
a Bold samples are from Neisweiger et al. (2009). All UTM locations are given in Table 1.1.
b Measured value.
























































































































































































































































































































































































































































































































































































































































































Figure 1.1. Map of the western United States. Basin and Range Province is outlined in red. The 




Sr =0.706 isopleth 
from Kistler & Peterman (1978). Black box shows extent of Central Basin and Range, expanded 
in Figure 1.2. Yellow lines and text correspond to Nd isotope province boundaries from Bennett 
& DePaolo, (1987). Green lines and text correspond to Pb isotope province boundaries from 
Wooden & DeWitt (1991). Thick dashed green line indicates transitional boundary between the 


























Figure 1.2. Map of the Central Basin and Range. Regional context given in Figure 1.1. Black 
lines correspond to the proposed boundaries (dashed where uncertain) for the Death Valley and 
Las Vegas extended terranes (from Wernicke et al., 1988; Snow et al., 2000). The lines with 
ticks represent the proposed breakaway faults for each terrane. Beyond the Spring Mountains 
block, the proposed unextended zone between the Las Vegas and Death Valley terrane (dashed 
lines) is little more than one or two tilt blocks.  Note how this zone is also offset across the Las 
Vegas Valley. The Las Vegas extended terrane is further divided in three parts: the Mormon 
Mountains domain, the Lake Mead Domain and the Northern Colorado Extensional Corridor. 
The boundaries between these domains are arbitrary and do not correspond to observed geologic 
features. Background map is taken from GeoMapApp. Abbreviations: SN, Sierra Nevada; CP, 
Colorado Plateau; FM, Frenchman Mountain; GB, Gold Butte; Las Vegas Valley, LV; SP, 
























































Figure 1.3. Simplified geologic map of southern Nevada and adjacent states modified from 
http://tin.er.usgs.gov/geology/state/ (2009). Abbreviations: Ranges: AR, Arrow Canyon Range; 
BC,  Boulder Canyon; DD, Davis Dam; EM, El Dorado Mountains; FM, Frenchman Mountain; 
GB, Gold Butte; GH, Gale Hills; LG, Lucy Gray Range; MM, Mormon Mountains; MR, 
McCullough Range; MV, Meadow Valley Mts.; MU, Muddy Mountains; NM, Newberry 
Mountains; RM, River Mountains; SM, Spring Mountains; SpR, Specter Range; SR, Sheep 
Range; SV, South Virgin Mountains; WH, White Hills. Faults: BF, Blind Goddess Fault; BSF, 
Bitter Spring Fault; CF, Cyclopic Mine Fault; DF, Detrital Fault; EF, El Dorado Mts. Fault; GF, 
Gold Butte Fault; GWF, Grand Wash Fault; HF, Hamblin Fault; HSF, Hen Spring Fault; LF, 
Lakeside Mine Fault; LRF, Lime Ridge Fault; LVVSZ, Las Vegas Valley Shear Zone; SD, 
Saddle Island Detachment; SF, Spring Wash Fault; WF, Wheeler Fault. Other: CI, Calville 
Interaction Zone; GWC, Grand Wash Cliffs; LVV, Las Vegas Valley; LVW, Las Vegas Wash; 
OB, Overton Basin; WRP, Wilson Ridge Pluton. Locations underlined in red were sampled for 
this study. Red dashed line shows approximate location and northward plunge of Kingman Arch 
(from Beard & Faulds, 2010). 
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~50˚ - 55˚ 










































































Figure 1.4. A) Geologic map of Frenchman Mountain. Note distribution of megabreccia deposits 
(black blobs). B) Composite stratigraphic column of Tertiary rocks in the Lake Mead area (after 
Bohannon 1984). Ages on the left side of the column are in Ma. Sources of ages: 1, K/Ar 
plagioclase (P. Damon and M. Shafiqullah, unpub. data); 2, K/Ar plagioclase (Feuerbach et al., 
1991); 3, fission track on ash-fall tuffs (Bohannon, 1984); 4, K/Ar whole rock (Anderson et al., 




Ar sanidine (Beard, 1996). Representative dips of each 
part of the section (Duebendorfer, 2008) are noted on the right of the stratigraphic column. All 






















Figure 1.5. Example of U-Pb analyses from sample L of Gold Butte. A) Concordia diagram 
showing the results of 19 spot measurements done on 17 zircon grains from same hand sample. 
Concordia age is 1372.4±4.4 Ma (2σ decay constant errors included), the MSWD of concordance 
is 0.00036 and the probability of concordance is 0.98. Red ellipses represent data point error 
ellipses with 68.3% confidence. Blue filled ovals within double-line represent 40 Myr intervals 
along the concordia line. B) Cathodoluminescence image of two of the measured zircon grains. 
The top image shows one of the grains in which the rim and core was measured. 
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Figure 1.6. Data from previous thermochronologic studies completed at Gold Butte. A) Map of 




Ar and K/Ar ages (black dots and text: m, muscovite; h, hornblende; 
b, biotite; k, k-feldspar; Wasserburg & Lanphere, 1965; Reiners et al., 2000; Karlstrom et al., 
2010); apatite fission track ages (blue dots and text; Fitzgerald et al., 2001) and zircon fission 
track ages (red dots and text; Bernet, 2009). Vertical line pattern represents 1.7 Ga gneisses, light 
gray fill represents the ~1.4 Ga rapakivi granite and stippled pattern represents sedimentary 
rocks. Modified from Reiners et al. (2000). B) Plot of age versus interpreted paleodepth for 
various thermochronometers at Gold Butte: apatite fission track (Fitzgerald et al., 1991); zircon 
fission track (Bernet, 2009); apatite, titanite and zircon (U-Th)/He (Reiners et al., 2000; Reiners 
et al., 2002).  Paleodepths are interpreted based on model shown in Figure 1.7C and 1.7D. 
Modified from Benard (2009). C) Plot of apatite fission track, apatite (U-Th)/He and zircon 
fission track from the footwall of the Wasatch fault (Armstrong et al., 2003). Note the similarity 




























































Figure 1.7.  Alternative hypotheses for the structural reconstruction of Gold Butte. All sections 
are drawn at the same scale. A) Interpretation of Karlstrom et al. (2010). Dashed lines represent 
the top of basement, the 210°C and 260°C isotherms (3 km, 8 km and 10 km depth respectively). 
Dotted line represents the extent of the footwall prior to erosion. Line with ticks represents 
detachment at base of the sedimentary section. Lines within sedimentary section represent 
schematic bedding with dips steeper than underlying basement. Their model assumes 25°C/km 
geothermal gradient. B) Same model with extensional deformation removed. C) Interpretation of 
Wernicke & Axen (1988). Dots represent apatite fission track ages used with model to determine 
geothermal gradient of 15°C/km (Fitzgerald et al., 1991). D) Same model with extensional 
deformation removed. E) Interpretation from this study. Dots represent the location of the zircon 
fission track ages used in geometric model. F) Geometric arrangement used to calculate depth of 
zircon fission track closure temperature (8 km) and maximum exhumed depth (12 km). A 






















































Figure 1.8. Location of Frenchman Mountain in published reconstructions (grey shaded areas). 
The proposed location of Frenchman Mountain in our model is shown in red shade. Cross-
hatched pattern indicates the location of Gold Butte. Dotted lines show contours of run-off 
distances of the megabreccias from western end of Gold Butte as defined by the Lakeside Mine 
fault. The green and blue lines represent isopachs where the thickness of the Cambrian and 
Devonian sections, respectively, matches that of Frenchman Mountain. Circles show location of 
sections measured for Cambrian sections, triangles for Devonian sections. Black shows their 
current location and white their inferred pre-extension location (from Rowland et al., 1990). 
More measured sections are located off the map. Dashed portion of the lines are poorly 
constrained. Error in isopach intersection location is plotted as a dashed black line (from 
Rowland et al., 1990). The same error area is plotted in red around an approximation between the 
isopachs south of Gold Butte. Figure modified from Fryxell & Dubendorfer (2005). Key for 
different Frenchman Mountain positions: a)Weber & Smith (1987), position at 13.5 Ma; b) 
Bohannon (1984); c) Wernicke et al. (1988); d) Duebendorfer et al. (1998); e) Umhoefer et al. 





























Figure 1.9. Step-by-step illustration of palinspastic restoration of Frenchman Mountain to its 
original location from this study. Base map for the following sections is from Felger & Beard 
(2010). A) Present configuration of the various structural blocks in the Lake Mead Domain: FM, 
Frenchman Mountain; GB, Gold Butte. The bold line is the left-lateral Hamblin Fault in the 
south and the Hen Spring fault in the north. Step-over corresponds to the Overton Arm pull-apart 
basin. Arrow shows direction to remove slip on this fault. White dots show points that are 
adjacent after slip is removed. B) Configuration of the various structural blocks after the slip on 
the Hamblin-Hen Spring fault is removed. The red box shows the reassembled Hamblin-
Cleopatra volcano. WRP is the Wilson Ridge Pluton and the arrows show direction to remove 
the 15 km of extension associated with its emplacement.  The dashed line represents the inferred 
position of the LVVSZ. The closure of the WRP is achieved by reversing motion on the LVVSZ. 
C) Configuration of the various structural blocks after the WRP is removed. The red box shows 
where the WRP was located.  The outward facing arrows show the post-extension distance 
between FM and GB (45 km) and the inward facing arrows show the inferred amount of 
extension accrued by tilted normal fault blocks (22 km). White dots illustrate the left-lateral 
separation that occurs across the Gold Butte fault (GBF) and the Lime Ridge fault (LRF). The 
dashed line represents the inferred position of the LVVSZ. D) Configuration of the various 
structural blocks after the 22 km of extension south of the LVVSZ is removed (white dots). The 
left-lateral separation associated with the GBF and the LRF was also removed. The blue box 
shows the final location of FM. The internal strike-slip deformation of FM caused by 
displacement along the LVVSZ has been removed as in Wagner (2010). The dashed line 





























































Figure 1.10. Example of tilted-block faulting from the Cerbat Mountains-White Hills area, south 
of Gold Butte. Here the Cerbat Mountains-Cyclopic fault has a dip <30°. The common 
interpretation, shown in red, is that the fault is listric and that the Mountain Spring fault and 
Blind Goddess fault are hanging-wall splays or break-up faults. In this case the faults would 
intersect at ~ 7 km depth. Our interpretation, shown in blue, is that the Cerbat Mountains - 
Cyclopic fault has been tilted from 60° to 30° dip and later cut by the Mountain Spring fault 
and/or the Blind Goddess fault, both of which have sufficient throw to expose basement rocks 
(stippled pattern marked as Xg) in their respective footwalls. In this model the faults intersect at 
~12 km depth. Figure modified from Faulds et al. (2010). 
  
73
















3) 120 km; ~60 km extension
4) ~ 15 km extension
1) 100 km, ~ 50 km extension
2) ~ 25 km extension
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Figure 1.11: Map showing regional estimates of extension across the Las Vegas Extended 
Terrane. Arrows show limits of E-W transects (parallel to extension direction) with the current 
distance and the inferred amount of extension accrued. Transect 1 is located between the Arrow 
Canyon Range (AR) and the Specter Range (SpR). Transect 2 is located between the Virgin 
Mountains (VM) and the Meadow Valley Mountains (MV). Transect 3 is located between the 
Grand Wash Cliffs (GWC) and the Spring Mountains (SM). Transect 4 spans the Wilson Ridge 
Pluton. The Las Vegas Valley Shear Zone (LVVSZ) is marked as a bold black line. Its inferred 
location southeast of the Hamblin Fault is dashed. The red box shows the approximate location 
of the deepest basin in the Las Vegas Valley (from Langenheim et al., 2010) which is collocated 





Chapter 2: Geochronologic and Isotopic studies of A-type Granites in Southern Nevada: 
Implications for Paleoproterozic Tectonics of the southwestern United States 
 
Abstract 
One of the most widespread geologic events in the Proterozic of the United States was a 
continent-wide 1.45 Ga anorogenic plutonic episode. U-Pb ages obtained from a suite of samples 
thought to be part of this event in southern Nevada yielded ages 1.68 Ga for the Lucy Gray 
Range, Davis Dam and Newberry Mountains and 1.37 Ga for Gold Butte. These ages coincide 
with those of  post-orogenic plutonism associated with the Yavapai orogeny in the first case and 
with an orogenic event proposed to have occurred in Colorado for the second. Isotope analyses 
on the same samples are consistent with division into the same two groups. Sm-Nd isochrones 
and Nd and Pb model ages from the older group suggest a protolith derived from the mantle at 
1.8-1.9 Ga, while for the younger group they suggest a more complex history of crustal addition. 
Combining our new ages with previously published data of Bennett and DePaolo (1987) allowed 
us to recalculate initial Nd values and to adjust the boundaries of their Nd provinces. The new 
results suggest that the province boundaries defined by Sr, Nd and Pb isotopes are consistent 
with each other and possibly reflect Paleoproterozic crustal accretion events. Our data also 
suggests that the 1.45 Ga anorogenic event did not extend into the Mojave province as was 
previously supposed.  
 
Introduction 
Previous work in the southwestern U.S. has resulted in tectonic models in which several 
Proterozoic terranes accreted around an Archean craton and were later intruded during a 
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magmatic event of continental scale (Anderson, 1983; Karlstrom & Houston, 1984; Hoffman, 
1988; Karlstrom & Bowring, 1988). These models were based, among other things, on the 
isotopic fingerprinting of Proterozoic terranes (Figure 2.1). We investigated four A-type granites 
in southern Nevada, all thought to be part of a transcontinental 1.4 Ga anorogenic plutonic event 
(Anderson, 1983).  In this paper we present U-Pb zircon ages, as well as Nd and Pb isotope data 
obtained from the Gold Butte granite, Beer Bottle Pass granite, the Davis Dam granite and the 
Newberry Mountains granite (GB, LG, DD and NM respectively in Figure 2.2). Samples were 
also taken from Miocene megabreccia deposits exposed at Frenchman Mountain (FM in Figure 
2.2), 15 km east of Las Vegas, and interpreted by many authors to have been derived from Gold 
Butte (Longwell, 1974; Bohannon, 1984; Duebendorfer et al., 1998; Chapter 1 of this thesis). 
The results are surprising.  The new data require revisions to existing perceptions of the timing of 
regional plutonism and the location of crustal province boundaries. 
 
Isotope Provinces of the Southwestern U.S. 
Isotopic mapping has been used extensively in the western United States to identify crustal 





Mesozic and Cenozoic plutons in California and Nevada to define the edge of the North 




Srinitial=0.706 isopleth; red line in Figure 2.2).  Wooden 
and Miller (1990) and Wooden and DeWitt (1991) used
 
Pb isotope ratios to divide this area into 
the Mojave, southeast Arizona and central Arizona provinces (Figures 2.3, 2.4), and interpreted 
the boundary between the Mojave and Arizona provinces as a 75-km-wide zone with Pb isotopic 
compositions dominated by the Mojave province, and with variable proportions of Pb derived 
from the Arizona provinces (Figure 2.1). Benett and DePaolo (1987) used the Sm-Nd isotope 
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system to define crustal provinces related to the model age of crust mantle differentiation (TDM). 
Their results led them to divide the western US into provinces 1, 2 and 3. The boundary between 
Province 1 (more or less equivalent to the Mojave province of Wooden & DeWitt) and Provinces 
2 and 3 (more or less equivalent to the Southeast and Central Arizona provinces of Wooden & 
DeWitt), was envisaged as sharp, and perhaps related to a 400 km north-striking left-lateral fault 
system. These isotopic studies, in addition to geochronologic data, have been used to define the 
following crustal provinces : (1) Archean Wyoming province, with protoliths and deformation 
between 2.5–3.5 Ga; (2) Mojave province, with pre–1.8-Ga crustal material incorporated into a 
1.75-Ga arc; (3) Yavapai province, a 1.76–1.72-Ga juvenile arc terrane; and (4) Mazatzal 
province, 1.7–1.6-Ga supracrustal rocks on unknown basement (Figure 2.5; Karlstrom and 
Bowring, 1988,1993; Whitmeyer & Karlstrom, 2007). The Mojave province yields Nd model 
ages between 2.0 and 2.3 Ga and is characterized by lower time-integrated U/ Pb and higher 
Th/Pb and Th/U ratios than those of the average crust to the east (Bennett and DePaolo, 1987; 
Wooden and Miller, 1990; Wooden and DeWitt, 1991). The Yavapai province has an isotopic 
signature that yields Nd model ages around or younger than 1.8 G and high U/Pb ratio (Bennett 
and DePaolo, 1987; Wooden and Miller, 1990; Wooden and DeWitt, 1991).  
 
Geologic Setting 
The Transcontinental Proterozoic provinces of the southwestern U.S. were amalgamated during 
the Proterozoic, between 1.8 Ga and 1.6 Ga, through a process that involved accreting arcs to the 
stable Archean-age craton of North America (the Wyoming Province; Karlstrom & Houston, 
1984; Karlstrom & Bowring, 1993; Sims & Stein, 2003).  Paleoproterozoic rocks in the 
southwest corner of these provinces form northeast-southwest trending belts that become 
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younger towards the southeast (Figure 2.5). These belts are 1) the Mojave Province (<1.8 Ga), 
the Yavapai Province (1.76-1.72 Ga), the Mazatzal Province (1.70-1.65 Ga) and the Grenville 
Province (1.3-1.0 Ga). These belts are separated by sutures that are expressed today as prominent 
thrust faults (Figure 2.5; Karlstrom & Humphreys, 1997). Bickford & Hill (2007) have proposed 
large scale transcurrent motion and transtension coeval with the arc accretion. 
 
The accretion of the Yavapai and Mazatzal terranes was followed by a transcontinental magmatic 
event involving the intrusion of 1.4 Ga A-type granites (Figure 2.1; Anderson, 1983; Anderson & 
Bender, 1989; Karlstrom & Humphreys, 1998). These granites, which are usually characterized 
by a megacrystic rapakivi texture, have been termed "anorogenic" granites owing to the absence 
or weak development of  a deformational fabric. This plutonic event is thought to have 
contributed to the maturation and stabilization of the North American continent (Silver, 1978; 
Anderson, 1983). Studies of the syn-emplacement deformation associated with some of these 
plutons (e.g., the Beer Bottle Pass pluton, located in the Lucy Gray Range; Figure 2.2) suggest 
that there was a sinistral transpressive stress-state during this period (Duebendorfer & 
Christiansen, 1995).  
 
Sample Localities 
The sampled plutons belong to a suite of metaluminous granites, which are thought to have been 
intruded into the upper crust at depths of 8-17 km and at temperatures of up to 790°C (Anderson, 
1983). They are characterized by having biotite, and feldspar crystals with rapakivi texture 
(plagioclase rims around orthoclase), up to 4 cm in length (Volborth, 1962). Hornblende occurs 
in the mafic phase of these plutons and there are no large bodies of two-mica or muscovite 
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granite (Anderson & Bender, 1989). The granites are mostly undeformed but present foliations 
close to their boundaries, interpreted as associated to their emplacement. The Beer Bottle Pass 
granite in the Lucy Gray Range is the exception and has a thick mylonitic shear zone. These are 
thought to have developed in transpression at 1.4 Ga (Duebendorfer & Christensen, 1995). In 
general the samples were taken where there was the least evidence for deformation. The location 
of each sample can be found in Table 2.1. 
 
Results 
Our results show that granites that have long been thought to be a part of the extensive 1.43 Ga 
anorogenic putonic suite in the southwestern US are instead part of two distinct episodes of 
plutonism, one at 1.68 Ga and another at 1.37 Ga. Our data also suggest that the Nd isotope 
boundaries defined in Bennett and DePaolo (1987) should be adjusted, with the new location 
showing a striking parallelism with Sr and Pb boundaries in the area (Kistler & Peterman, 1973; 
Chamberlain & Bowring, 1990; Wooden & DeWitt, 1991). The analytical methods are described 
in Appendix A.  
 
U-Pb Ages 
The results from the rapakivi granite samples show a clear bimodal distribution (Table 2.2). The 
older group includes the samples from Davis Dam, Lucy Gray Range and Newberry Mountains, 
and is referred to as Group 1 hereafter. It has an average age of 1682.6 Ma (n = 8, 2σ = 3 Myr). 
The younger group includes the samples of Gold Butte and Frenchman Mountain and is referred 
to as Group 2 hereafter. It has an average age of 1372.7 Ma (n = 7, 2σ = 6 Myr). The U-Pb 









Nd ratios and model ages cluster in 2 broad groups, which coincide with Groups 1 
and 2 from the U-Pb analyses (Table 2.3). The ~1.68 Ga granites from Group 1 have TCHUR and 
TDM ages of  ~1.6 Ga and ~1.86 Ga, respectively, bracketing the U-Pb zircon ages. This suggests 
the granites were derived from a mantle melt of intermediate composition.  The initial εNd 
values at 1.68 Ga range between +0.62 and 1.47, again suggesting derivation from a slightly 
depleted mantle (DePaolo, 1988). The ~1.37 Ga Group 2 granites have TCHUR and TDM ages of 
~1.45 and ~1.76 Ga respectively and initial εNd values of ~-0.9 to -1.3. This suggests a crustal 








Nd errorchrons (Figure 
2.6) for Group 1 granites yield an age of ~1.89 ± 0.14 Ga (MSWD = 4.4) and for Group 2 an age 
of ~1.38±0.21 Ga (MSWD = 3.4). TDM values were calculated following the procedure of 
DePaolo, (1981). All results are shown in Table 2.3.  
 
Pb Isotopes                   
Based on the results of the Nd and U-Pb analyses, we separated the Pb isotope data (Table 2.4) 








Pb errorchrons were made for each group (Figure 
2.7). The data were combined with results obtained by Neiswanger et al. (2009) on the samples 
from Gold Butte and Frenchman Mountain.  The model-ages resulting from these calculations 
are the same within error: 1.89 ± 0.32 Ga for Group 1 (MSWD=18) and 1.8 ± 0.27 Ga for Group 





Group 1 yields Nd model ages, Sm-Nd isochron ages and Pb model ages that are in close 
agreement with each other (1.9 ± 0.04 Ga, 1.89 ± 0.14 Ga and 1.89 ± 0.32 Ga respectively) but 
older than the U-Pb ages obtained from the zircons (1682.3 ± 2.6 Ma). Given the remarkable 
similarity of the data, and the negative initial εNd values, we interpret the Nd and Pb isotope 
systems to reflect ~0.2 Gyr crustal residence prior to the formation of the granites. Paragneisses 
from the Ivanpah Range, just to the west of the Lucy Gray Range (LG in Figure 2.2) have detrital 
zircon poulations which span 1.8-2.15 Ga and metamorphic zircon ages that span 1.76-1.67 Ga 
(Strickland et al., 2013) consistent with this.  
 
Group 2 yields Nd and Pb model ages that are in close agreement with each other and within 
error of those of Group 1 (1.78 ± 0.02 Ga and 1.80 ± 0.27 Ga respectively).  The much younger 
Sm-Nd isochron age is in close agreement with the U-Pb zircon age (1.38 ± 0.21 Ga and 1374 ± 
3.8 Ma respectively). This suggests that the Sm-Nd system was reset during the younger 




Nd value (0.5108 ± 0.00013) 
compared to Group 1 (0.51037 ± 0.000095). The negative initial εNd values also suggest that the 
granites are composed at least partially of remelted older crust (DePaolo, 1988).  The gneisses at 
Gold Butte are apparently younger than those further west in the Ivanpah Range. One sample 
yielded a 1.67 Ga zircon age and a 1.38 Ga monazite age (Karlstrom et al., 2010) and zircons 
interpreted to be inherited from the protolith obtained from a Cretaceous two-mica granite 
(Brady et al, 2000; Karlstrom et al., 2010) yielded a 1. 68 Ga age (Chapter 1 of this thesis).  
 
The crustal affinity of these rocks can be determined using Nd and Pb isotope systematics. 
Wooden & DeWitt (1991) have defined the Mojave province as having ΔJerome  > 4. All the 
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samples in our dataset satisfy this condition (Table 2.4), suggesting that they belong to the 
Mojave province, as defined by Pb isotope values. Using Nd isotopes,  Bennett & DePaolo 
(1987) have defined the Mojave province (their Province 1) as containing rocks with TDM >2 Ga, 
or initial εNd between -2 and -4, a condition that none of our samples satisfies (Table 2.3). Group 
1 of our samples is part of Province 2 and Group 2 is part of Province 3. This implies that no 
samples fall within the Mojave province as defined by Nd isotopes.  
 
Implications for Paleoproterozic Tectonics of the Southwestern US 
Implications for Nd and Pb isotopic province boundaries  
The junction of the provinces defined by Bennett and DePaolo (1987) is located in our study 
area. The crystallization ages assumed in that study for the calculation of initial ɛNd of samples 
are incorrect in many cases. More recent studies have yielded U-Pb ages for the Hualapai 
Mountains, Lucy Gray Range, Newberry and El Dorado Mountains and Gold Butte 
(Chamberlain & Bowring, 1990; Wooden & DeWitt, 1991; this study). These data, when 
combined with new Sm and Nd isotope measurements lead us to shift the province boundaries 
defined in Bennett & DePaolo (green lines in Figure 2.1). Our data set has a small geographic 
footprint compared to that of Bennett and DePaolo (1987), so a thorough reevaluation of their 
province boundaries on a more regional scale is beyond the scope of this paper. However, our 
data allows us to refine these boundaries in the southwestern US (Figure 2.2).  Even though the 
age of crystallization of the rock does not affect the calculated TDM, it does affect the crustal 
evolution path. This path was used by Bennett & DePaolo to include locations with TDM<2.0 Ga 
but with intial  ɛNd = -4 to -2 in Province 1 (Figure 2.10).  After correcting the calculations 
(Table 2.5), we redrew the Province boundaries using TDM as the main criterion. On a local scale, 
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we propose that the Nd boundary (Figure 2.5) is partially aligned with the Pb isotope boundary 
proposed by Chamberlain & Bowring (1990) and on the western limit of the Pb boundary zone 
of Wooden & DeWitt (1991). On a larger scale, there are two main observations: 1) the geometry 




Sr = 0.706 isopleth; and 2) Province 1 is divided 
in 2 parts, northern Nevada/Utah and southern California by Province 2. Most of the petrologic 
and geochronologic studies that have defined the character of the Mojave province have been 
done in southern California (Wooden & Miller 1990; Bender et al., 1993; Wooden et al., 2012; 
Strickland, 2013) and the dearth of data from central Nevada does not allow us to constrain the 
southward extent of the northern part of Province 1.   
 





0.706 has been traditionally considered the edge of Proterozoic North American continental 
lithosphere (Kistler & Peterman, 1978). The similarity in the boundaries defined by these 
isotopes suggests that they are also related to this primary tectonic feature. The closure 
temperature (Dodson, 1973) for  Pb-Pb, Sm-Nd and Rb-Sr isotopic systems vary between 
minerals but can be approximated to ~800°C, 600°C and 350°C respectively (Harrison et al., 
1979; Cliff, 1985; Mezger et al., 1992;  Burton et al., 1995). This suggests that the isotopic 
mixing at a crustal boundary would be most extensive for Rb-Sr and least extensive for Pb-Pb. In 
this case the Mojave-Yavapai crustal boundary has been interpreted to be located between the 
Gneiss Canyon and Crystal shear zones (GCSZ and CSZ respectively in Figure 2.5), 
approximately overlapping the Pb boundary zone of Wooden & DeWitt. The Nd and Sr 
boundaries are located further towards the west. This is consistent with our interpretation. It is 
worth noting that the Sr-isotope boundary is much closer to the Nd and Pb isotope boundaries if 
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Cenozoic extension in the Basin and Range is removed. In this case the intermediate TDM  values 
we have we have obtained, would not correspond to actual differentiation ages, but rather to 
mixing ages between older material, probably from the Mojave province, and younger mantle 
derived material (Arndt & Goldstein, 1987). This younger material likely corresponds to a 1.76 
Ga arc thought to have developed on the older Mojave crust (Karlstrom & Humphreys, 1998; 
Strickland et al., 2013).  
 
1.4 Ga anorogenic magmatic event 
The sampled plutons have long been considered to be part of the ~1.43 Ga episode of plutonism 
(Stewart & Carlson, 1978; Anderson, 1983; Anderson & Bender, 1989), and as such, the U-Pb 
ages obtained in this study were unexpected. The plutons had been assigned a ~1.43 Ga age 
(1.425 ± 0.025Ga) by petrographic correlation with other dated plutons and not by direct dating 
of the plutons themselves (Stewart & Carlson, 1978). Our data show that there were at least 2 
episodes of plutonism in the study area. The 1.68 Ga ages obtained from the Group 1 granites are 
also observed in the Hualapai Mountains (1.68 Ga; Figure 2.2; Chamberlain and Bowring, 1990) 
and in the New York and Ivanpah Ranges (1.67 Ga; Figure 2.2; Wooden & Miller, 1990), east 
and west of our study area respectively. The dated plutons in the western areas are thought to 
mark the end of the Ivanpah orogeny (Wooden & Miller, 1990), which is considered part of the 
larger Yavapai orogeny by Karlstrom & Humphreys (1998) and Whitmeyer & Karlstrom (2007).  
 
Our data also indicate that the 1.4 Ga anorogenic magmatic event is not as widespread as 
previously considered in the southwestern US (Anderson, 1983; Anderson & Bender, 1989). This 
event was thought to have affected all the Transcontinental Proterozic Provinces. Our results 
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suggest that the Mojave province does not have any plutons of this age however. Anderson 
(1983) assigned the ages of most of the supposed 1.4 Ga plutons in California, Nevada and 
Arizona using petrographic correlations and Rb/Sr whole-rock isochrones. The ages obtained by 
this method, however,  may not correspond to the age of crystallization but rather to an age of 
metamorphism (Jenkin, 1997). This appears to have occurred in the granites found in the 
Hualapai Mountains, which had been assigned an age of 1.33 Ga (Kessler, 1976) on the basis of 
Rb/Sr systematics, but were dated at 1.67 Ga using the U-Pb in zircon method (Chamberlain & 
Bowring, 1990). The only Mesoproterozoic granite located in the Mojave province that has been 
dated at ~1.45 ± 0.02 Ga using U-Pb in zircon is a biotite granite located in the Marble 
Mountains of southern California (Figure 2.2; Silver & McKinney, 1962). The authors in this 
study state, however, that the U-Pb systematics have been disturbed producing a great dispersion 
in the observed ages, which leads us to treat this age with caution. The Bowmans Wash and 
Parker Dam granites in the Whipple Mountains were dated by Anderson (1983) at 1.407 ± 0.004 
Ga and 1.401 ± 0.005 Ga. These plutons though, are located in the Pb boundary zone and not in 
the Mojave province proper. 
 
Several tectonic and geodynamic inferences have been made about the 1.4 Ga plutonic event 
based on these older granites (Duebendorfer & Christensen, 1995; Karlstrom & Humphreys, 
1998). Structural studies done on the Beer Bottle Pass pluton, located in the Lucy Gray Range, 
were used to assign a transpressional setting to the 1.4 Ga plutonic event, but may in fact reflect 
the kinematics of the 1.68 Ga Yavapai orogeny. On a regional scale, variations in the chemistry 
of plutons located in New Mexico, all thought to be 1.4 Ga, were attributed to derivation from a 
heterogeneous Paleoproterozic lower crust (Thompson & Barnes, 1999). However, the plutons 
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used in that study have not been individually dated, and like the plutons in our study area have 
simply been assumed to be part of the 1.4 Ga plutonic suite. Our results suggest that the 
measured geochemical heterogeneity may be a result of sampling granites of different age.  
 
The Rb-Sr ages obtained in this region are within error of the U-Pb ages of Group 2, and may be 
related to a metamorphic or thermal event associated with the emplacement of this pluton. This 
also corresponds to the age of the Southern Granite and Rhyolite Province found in Texas and 
Oklahoma (Figure 2.1; Anderson, 1983; Karlstrom & Humphreys, 1998). There were no obvious 
tectonic events in the region at this time but Shaw et al. (2001), Cather et al. (2005) and Jones et 
al. (2010) document deformation further away in Colorado and New Mexico respectively with 
the appropriate ages. Nyman et al. (1993) proposed the existence of a Mesoproterozoic orogeny 
in the western U.S. at ~1.4 Ga. However, one of their main constraints on the timing of this event 
is the deformation of the 1.4 anorogenic pluton suite, including the Beer Bottle Pass pluton. As 
our results have shown, this pluton at least is not of the right age.  
 
Conclusions 
- U-Pb analyses in zircon show that the Davis Dam, Gold Butte, Beer Bottle Pass and Newberry 
granites, all thought to be part of the transcontinental 1.4-1.45 Ga anorogenic plutonic events are 
instead divided into two groups with ages of 1.68 Ga and 1.37 Ga. The 1.68 Ga granites, long 
considered anorogenic are likely related to the Ivanpah orogeny. 
- This division is also reflected in Nd and Pb isotope data. Model ages from Pb and Nd as well as 
Sm-Nd isochron ages are in agreement for the 1.68 Ga granites and combined with positive 
initial εNd values suggests that the protolith was extracted from the mantle at ~1.8-1.9 Ga. The 
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1.37 Ga granites have negative initial εNd values, Sm-Nd isochrone ages that match the U-Pb 
ages and Nd and Pb model ages ~1.8-1.9 Ga, all of which suggests that there was some crustal 
addition to the granitic magma and this event reset the Sm-Nd systematics.  
- These new ages suggest that the 1.4 Ga anorogenic episode did not extend into the Mojave 
Province.  
- We used the new U-Pb ages and Nd analyses to redefine the crustal boundaries of Bennett & 
DePaolo (1987). We suggest that the their Province 1 is more spatially restricted than previously 
thought and may not be a continuous block connecting southern California to northern Utah and 
Nevada.  
- We propose that crustal boundaries defined by Sr, Nd and Pb isotopes are consistent with each 
other and define a continuum of isotope mixing related to the accretion of the Mojave terrane to 




Table 2.1: Sample locations.
Sample Locality Coordinatesa Lithology
Easting Northing
13 Newberry Mts. 697429 3895197 Rapakivi granite
17 Newberry Mts. 702038 3900084 Rapakivi granite
29 Newberry Mts. 705873 3909916 Rapakivi granite
35 Lucy Gray Range 654464 3949321 Rapakivi granite
36 Lucy Gray Range 654140 3949150 Rapakivi granite
39 Lucy Gray Range 657636 3941407 Rapakivi granite
20 Davis Dam 723202 3898520 Rapakivi granite
21a Davis Dam 720735 3896469 Rapakivi granite
22 Davis Dam 718892 3899007 Rapakivi granite
L Gold Butte 752561 4014489 Rapakivi granite
N Gold Butte 750107 4016554 Rapakivi granite
Q Gold Butte 750777 4011365 Rapakivi granite
W Gold Butte 756695 4011327 Rapakivi granite
F Gold Butte 745225 4008750 Two-mica granite
Xlg Gold Butte 760090 4015020 Leucogranite
1a Frenchman Mt. 686583 4008503 Rapakivi granite
2b Frenchman Mt. 686127 4007605 Rapakivi granite
3 Frenchman Mt. 686978 4007747 Rapakivi granite
5a Frenchman Mt. 686450 4007633 Rapakivi granite
8 Frenchman Mt. 686775 4007778 Rapakivi granite
9 Frenchman Mt. 686292 4007581 Rapakivi granite
10 Frenchman Mt. 687961 4006098 Rapakivi granite
11 Frenchman Mt. 687858 4006469 Rapakivi granite
12 Frenchman Mt. 684297 3998982 Felsic granite
44 Frenchman Mt. 684206 3998773 Felsic granite
46 Frenchman Mt. 684206 3998773 Felsic granite
NV3 Frenchman Mt. 687926 4004863 Rapakivi granite
40 McCullough Range 664435 3955912 Non-megacrystic rapakivi
a All UTM locations are for zone 12.
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Table 2.2: U-Pb results.
Samplea Locality n Average ageb MSWDc Total errord
13 Newberry Mts. 18 1685.0 0.7 8.0
17 Newberry Mts. 17 1683.7 0.4 11.5
29 Newberry Mts. 17 1681.1 0.2 11.9
35 Lucy Gray Range 17 1682.3 0.64 10.2
39(1) Lucy Gray Range 12 1681.6 3.9 7.9
39(2) Lucy Gray Range 27 1680.4 1.12 8.3
20 Davis Dam 24 1683.0 1.1 4.7
22 Davis Dam 18 1683.3 0.6 8.1
L Gold Butte 18 1372.5 0.3 42.1
W Gold Butte 12 1376.4 0.25 18.4
1a Frenchman Mt. 18 1372.6 0.3 21.1
3 Frenchman Mt. 21 1372.0 0.2 48.8
5a Frenchman Mt. 22 1373.0 0.4 18.3
11 Frenchman Mt. 14 1375.5 0.24 27.3
12 Frenchman Mt. 8 1375.0 0.7 24.2
NV-3 Frenchman Mt. 15 1367.0 0.17 43.8
a All UTM locations are given in Table 2.1.
b Ages are the weighted mean (weighting according to the square of the internal uncertainties) of
measurements taken on n zircons per sample.
c Mean square weighted deviation of each data set.
d Total error of the age is determined by quadratic addition of the systematic (or internal) errors







































































































































































































































































































































































































































































Table 2.4: Pb results.
Samplea Locality 206Pb/204Pb b 207Pb/204Pb b 208Pb/204Pb b Delta Jeromec µ d
17 Newberry Mts. 16.4909 15.4280 36.1333 7.77 6.63
29 Newberry Mts. 16.1455 15.3893 35.6393 7.49 7.01
L-17-avg Newberry Mts. 16.1029 15.3876 35.6387 7.77 6.67
35 Lucy Gray Range 16.1506 15.3870 35.7249 7.21 6.67
39 Lucy Gray Range 16.2620 15.4027 35.8873 7.62 6.78
20 Davis Dam 16.2905 15.4103 36.6798 8.08 6.90
22 Davis Dam 16.3830 15.4185 35.7644 7.94 6.81
L Gold Butte 16.4391 15.4273 35.5917 8.24 6.67
W Gold Butte 16.2373 15.3974 35.9092 7.35 6.71
L-L - avg Gold Butte 16.2488 15.4028 35.8606 7.77 6.77
L-N - avg Gold Butte 16.1855 15.3931 35.8420 7.46 6.76
L-Q - avg Gold Butte 16.1448 15.3891 35.8337 7.48 6.95
1a Frenchman Mt. 16.3016 15.4057 35.9752 7.51 6.82
3 Frenchman Mt. 16.2675 15.3994 35.9695 7.23 6.79
5a Frenchman Mt. 16.3772 15.4112 36.0732 7.27 6.89
11 Frenchman Mt. 16.5433 15.4270 36.2491 7.12 7.06
NV3 Frenchman Mt. 16.1577 15.3916 35.8999 7.60 6.68
L-1a Frenchman Mt. 16.2062 15.3944 35.8863 7.37 6.76
L-3 Frenchman Mt. 16.1475 15.3856 35.8738 7.10 6.73
L-10 Frenchman Mt. 16.2029 15.3935 35.8727 7.31 6.67
L-11 Frenchman Mt. 16.2355 15.4016 35.9341 7.79 6.72
L-RA09-10 Panamint Range 17.7681 15.6406 39.1589 15.72 8.25
L-RA09-12 Panamint Range 19.7247 15.8637 42.4674 17.64 10.16
a Bold samples are from Neisweiger et al. (2009). All UTM locations are given in Table 2.1.
b Measured value.
c Calculated following Wooden & DeWitt (1991).
d Calculated for single-stage evolution.
e µ = 238U/206Pb;
206Pb/204Pbsample−206Pb/204Pbprimitive
exp[λ1∗T ]−exp[λ1∗t] ; Pbprimitive = 9.307;
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.1. Map of the United States showing distribution of anorogenic plutons: 1.03-1.09 Ga 
(black triangles), 1.34 - 1.41 Ga (open circles), and 1.41 - 1.49 Ga (black circles). The average 
age of plutons is in bold numbers. Average age of crustal province is in underlined numbers. 





0.706 isopleth (Kistler & Peterman, 1973). Dashed lines represent boundaries between age 
provinces. Area with x-pattern represents Archean craton (Anderson, 1983). Green lines and 
numbers represent the Nd provinces of Bennett & DePaolo (1987). Red box shows the location 

























































Figure 2.2. Map of the southwestern U.S. showing samples used in this study. Red dots represent 
the samples analyzed as part of this study. Yellow dots are the samples from Bennett & DePaolo 
(1987) that have been reassigned to a different crustal province using age data published after 
their study. Black dots are samples from their study, Nelson & DePaolo (1985; identified as 
ND85) and Lerch et al. (1991; identified as LPR91) that have not been reassigned. Numbers and 





Sr = 0.706 isopleth from Kistler & Peterman (1973). Blue and green lines represent 
the crustal province boundaries from Nd isotopes proposed by Bennett & DePaolo (1987) and 
this study respectively. The province number is circled. The shaded blue area represents the Pb 
isotope province boundary zone suggested by Wooden & DeWitt (1991). Gray shaded areas are 
outcrops of Precambrian basement. Circle-hatched areas are Mesozoic batholiths. Cross-hatched 
area is the Colorado Plateau. State abbreviations are underlined. Faults:  CSZ, Crystal Shear 
Zone; GCSZ, Gneiss Cannyon Shear Zone; GF, Garlock Fault; SAF, San Andreas Fault. Ranges: 
DD, Davis Dam; FM, Frenchman Mountain; GB, Gold Butte; HM, Hualapai Mountains; IM, 
Ivanpah Mountains; LG, Lucy Gray Range; MM, Marble Mountains; NM, Newberry Mountains; 



























































Pb for samples from Wooden & DeWitt (1991), 
Neiswanger et al. (2009) and this study.  Black box shows location of part B of this figure. 
Samples from Central AZ, Western AZ, Poachie Range and 1.4 Ga plutons are taken from 
Wooden & DeWitt (1991). B) Zoomed in version of same plot as part A. The black lines are 1.7 
Ga isochrones. The plot shows the two trends in the data, each more or less following an 
isochron. These two trends correspond to the Arizona and Mojave province of Wooden & DeWitt 
(1991). The box in the top plot shows the area of the bottom plot. Symbols are same for both. 
The ΔJerome[1] notation was developed to clearly represent the distinction between the two 
provinces.   


























Pb can be calculated along the 




Pb is compared to the model value by subtracting the latter from 























































Figure 2.4. Plot showing μ[1] vs ΔJerome for samples in Mojave and Arizona provinces of Wooden 
& De Witt (1991). The vertical line represents the average crustal μ of Stacey & Kramer (1975). 
Wooden & De Witt set the cutoff between Mojave and Arizona provinces at ΔJerome=4. The 21 
samples measured as part of this study plot in the shaded gray box, well within the Mojave 
Province field. The two samples from the Panamint Range, whose μ values are shown by the 
location of the arrows plot off-scale for ΔJerome (Table 4). 
[1] μ values calculated for present (t=0), using 
238
U decay constant (λ = 1.55E-10) , age of the 
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Figure 2.5. Map showing the location and age of the various tectonic belts amalgamated during 
the Paleoproterozoic in the southwestern US. Heavy lines with teeth are thrust faults with teeth 
on the upper plate. CSZ: Crystal shear zone, GCSZ: Gneiss Canyon shear zone. Figure modified 


















Age = 1889 ± 140 Ma
Initial 143Nd/144Nd = 0.510373 ± 9.5
MSWD = 4.4
147Sm/144Nd
Age = 1379 ± 210 Ma


























Nd (from y-axis intercept) and 
mean square weighted deviation (MSWD) are shown for each plot. A) Note that for Group 1 the 
errorchron age matches the Nd TDM age within error (~1.86 Ga); B) For Group 2 the errorchron 
age matches the U-Pb age within error (~1.37 Ga). Data point error ellipses are 2σ. Plots made in 
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Figure 2.7. Pb-Pb errorchrons. Note that for both groups the Pb errorchron ages matches the Nd 
TDM ages within error [1.86 Ga and 1.76 Ga for Groups 1 (part A) and 2 (part B), respectively]. 
Data point error ellipses are 2σ.  Error correlation = 0.933, used to determine data point error 





































































































Pb. Blue line represents the Geochron 
curve of Stacey & Kramer (1975) plotted between 1100 Ma and 1700 Ma. Dots are placed at 50 





























Figure 2.9. Schematic diagram illustrating a 2-stage model for the Sm-Nd system results. A) The 
diagram shows the first melting event (red dot) of depleted mantle that is evolving along the 
Depleted Mantle line. The red dashed line follows the evolution path of the enriched melt 
(shallower slope than the Depleted Mantle line). The black dot represents the second melting 
event. This generates a new melt that is further enriched and follows the blue dashed line, which 
has an even shallower slope. This event would give a Nd model age (blue dot) that is older than 
the actual melting event (black dot) but younger than the protolith age melting event (red dot). B) 
The diagram shows a Sm-Nd isochron where the original system (red line) is re-equilibrated. 




Nd than before (horizontal line). From this 



































































Figure 2.10. Plot of ɛNd vs age of crystallization. A) Plot shows the samples from Bennett & 
DePaolo (1987). Green squares are Mesoproterozoic plutons, yellow triangles are older 
Precambrian rocks and red circles represent Mesozoic plutons. The diagonal black lines define 
their Provinces 1, 2 and 3, as indicated by the underlined number. The blue line represents the 
Depleted Mantle Curve from DePaolo (1981) with squares every 0.1 Gyr. The proposed limit 
between provinces assumes that all evolution paths of the samples back towards the Depleted 
Mantle Curve will be parallel to them. The black box shows the extent of the bottom figure. B) 
The plot shows the evolution paths of the Mesoproterozoic samples of Bennett & DePaolo 
(1987). Their evolution curves do not follow the province boundaries and in some cases cross 
them. The problem is more acute for samples close to the boundaries and for those farthest from 
the Depleted Mantle Curve. Due to this we use the proposed province boundary lines as a guide 





Chapter 3: Geophysical Constraints on the Origin of the Beaver Dam Mountains and the 
Subsurface Geometry of the Beaver Dam Wash, Utah 
 
Abstract  
The Mormon Mountains domain of the central Basin and Range Province has been critical for 
the development of ideas regarding extensional processes. In spite of a long history of studies 
undertaken there, there is still no consensus regarding the processes accommodating extension in 
the region. Reconstructions based on displacement along regional detachments yield 54 ±10 km 
(Wernicke & Axen, 1988; Axen et al., 1990), while subsequent studies suggesting extension 
along high-to-moderate angle normal faults have proposed about half of this.  
 
In order to move towards the resolution of this discrepancy, we have tested the hypothesis that 
the sub-surface geometry of the Beaver Dam Wash is defined by an underlying regional 
detachment, the Castle Cliff detachment. We have done so through the use of flexural modeling, 
refraction and reflection seismics, and gravity modeling.  The selected location is significant 
because it coincides with regional cross-sections drawn for the area. The uplift of the adjacent 
Beaver Dam Mountains has been attributed to the flexural response of the footwall to unloading 
of a large-offset detachment fault thought to have initiated at dips <30°. Our modeling shows 
that the only way to reproduce the geometry observed at the surface is with a combination of 
high-angle normal faults (initial dip >50°) and Airy isostasy. This is inconsistent with several 
studies that estimate an elastic thickness of ~10 km for this region. Refraction and reflection 
seismic obtained for this study in the foothills of the Beaver Dam Mountains show that the 
sediment-basement contact, previously interpreted as a detachment fault into which small-offset 
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normal faults sole into, is instead cut by those faults.  The faults displace the top of the crystalline 
basement to progressively greater depths until it reaches the range-bounding Red Hollow fault, 
responsible for the formation of the Beaver Dam Wash.  
 
Finally, gravity data acquired in this study was combined with existing data in order to model 
regional transects spanning the Meadow Valley Mountains to the Beaver Dam Mountains. A 
comparison of the data to the predicted gravity signal of the sub-surface geometry of the 
detachment model shows large discrepancies. The transition between the Mormon Mountains 
and the Meadow Valley Mountains to the west and the East Mormon Mountains to the east are 
especially poorly fit. A new model, created to minimize the misfit with the data, suggests that 
high-angle normal faults are responsible for the presence of the Mormon Mountains and the Tule 
Springs Hills. These data combined with arguments from several previous studies strongly 
suggest that the detachment model used to explain the structural history in this region is 
incorrect. Our results are consistent with previous estimates of extension of 20-25 km over a 
distance of 85 km (a stretch of ~40%).  
 
Introduction 
Studies in the Basin and Range Province (Figure 3.1a) have been influential in shaping ideas 
about processes of crustal extension. Low-angle normal faults, also referred to as detachment 
faults, that accommodate large amounts of extension were first recognized here (Anderson, 1971; 
Armstrong, 1972; Wernicke, 1981), as was the process of isostatic uplift of footwall rocks 
(Buck; 1988; Wernicke & Axen, 1988). While some of these processes are still controversial 
(Christie Blick et al., 2007; Wernicke, 2009), the Basin and Range is an excellent place to tackle 
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these questions as it is very well studied. The transect between the Mormon Mountains and the 
Beaver Dam Mountains, referred to as the Mormon Mountains domain (Figure 3.1b), has long 
been considered one of the classic examples of detachment faulting and associated footwall 
uplift (Wernicke, 1981; Wernicke & Axen, 1988; Axen et al., 1990). Axen et al. (1990) proposed 
a structural model for this area that consists of three major detachments, which accommodated 
54 ± 10 km of extension among them (Figure 3.2b & 3.3; Wernicke et al., 1988).   
 
Several subsequent studies have challenged this interpretation and proposed instead smaller 
amounts of extension, accommodated on high-angle normal faults, which range between 18 and 
25 km (Anderson & Barnhard, 1993; Bohannon et al., 1993; Anders et al., 2006; Walker et al., 
2007; Christie-Blick et al., 2007; Walker 2008; Anderson et al. 2010; Diehl et al., 2010).  This 
discrepancy in the amount of extension in the Mormon Mountain domain served as the 
motivation for this study. We have acquired seismic and gravity data as well as modeled the 
flexural response of the crust to faulting to address this issue and attempt to constrain which of 
these models better reflects the existing subsurface geometry. The methods we have used in this 
paper are flexural modeling of the surface topography and geology of the Beaver Dam 
Mountains, active source seismic reflection and refraction studies of the foothills of the Beaver 
Dam Mountains, and forward-modeling of a regional gravity transect. These data are compared 
to the predictions of the various geologic models for the area as well as used to place new 
constraints on subsurface geology. 
 
Regional Geologic Setting  
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The rocks in the study area are formed by Proterozoic crystalline basement overlain by a 
Cambrian through Jurassic sedimentary section. The basementt upon which the sediments of an 
early Paleozoic passive margin were deposited, is formed of crystalline rocks of 
Paleoproterozoic and Mesoproterozoic age (Karlstrom & Bowring, 1988).  The Paleozoic 
sedimentary sequence is formed by a basal Cambrian sandstone overlain by mostly carbonate 
strata. During the Mesozoic a sequence of continental clastic sediments were deposited during 
the Triassic and Jurassic in the foreland basins of successive orogenic events, culminating in the 
development of a shallow sea, the Cretaceous Interior Seaway (DeCelles, 2004). The final 
compressional tectonic event in the western US is the Laramide orogeny (Coney, 1978), which 
consisted of large, basement-involved thrust-cored uplifts. This event is considered a result of the 
transition from a steeply dipping subduction plate to a flat-slab subduction setting (Dickinson & 
Snyder, 1978).  This event was thought to occur in the latest Cretaceous and into the Paleocene 
(Dickinson & Snyder, 1978). 
 
The western U.S. started extending in the Eocene and through the Miocene (Armstrong & Ward; 
1991; McQuarrie & Oskin, 2010). This event formed the physiographic province referred to as 
the Basin and Range (Figure 3.1a). It is located between the comparatively undeformed Colorado 
Plateau and the Sierra Nevada (Figure 3.1b), to the east and west respectively (Eaton, 1982). The 
central Basin and Range (CBR) has been divided into the Death Valley and Las Vegas extended 
terranes. These are bounded by the relatively unextended Spring Mountains and the Colorado 
Plateau (Figure 3.1b; Wernicke et al., 1988; Snow & Wernicke, 2000). The Mormon Mountains 
domain is part of the Las Vegas extended terrane (Figure 3.1b; Wernicke et al., 1988). These 
areas are thought to be some of the more highly extended parts of the Basin and Range Province 
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(e.g., Wernicke et al.; 1988), with estimates that the CBR as a whole has been extended by 200-
250% (Wernicke et al., 1988; Snow & Wernicke, 2000; McQuarrie & Wernicke, 2005). In the 
eastern CBR extension took place  in middle Miocene time, beginning in most areas at ~16 Ma 
and ending by ~9 Ma, with peak extension occurring ~16 Ma – 14 Ma (Wernicke 1992; Snow & 
Wernicke , 2000; Faulds et al., 2001), although there is evidence of limited extension continuing 
into the Holocene (Dohrenwend et al., 1991).   
 
In the Mormon Mountains domain of the CBR (Figure 3.2) Axen et al. (1990) proposed a 
structural model that consists of three major detachments, the Mormon Peak, the Tule Springs 
and Castle Cliff detachments, which combined accommodate 54 ± 10 km of extension.  This 
extension is distributed with roughly 23 km displacement occurring on the Mormon Peak 
detachment (Axen et al., 1990), 7 km on the Tule Springs detachment (Axen et al., 1990; Axen, 
1993) and 24-34 km on the Castle Cliff detachment (Axen et al., 1990). These structures were 
interpreted to have initial dips of 15°-20°, <10° and 32° respectively. The Castle Cliff 
detachment is interpreted as the range-bounding fault of the Beaver Dam Mountains.  
 
The Beaver Dam Mountains are the northern extension of the Virgin Mountains of NW Arizona 
(Figure 3.2). These mountains form an arcuate range that lies on the eastern edge of the Basin 
and Range province, adjacent to the Colorado Plateau (Figure 3.2). The range is formed by rocks 
that span in age from Proterozoic to the Jurassic although locally some Cretaceous sedimentary 
rocks are preserved to the north (Figure 3.2a). The structure of the range consists of a large north-
plunging anticline that is truncated by the range-bounding normal fault on the west flank. The 




Flexural Isostasy Modeling 
The Beaver Dam Mountains were one of the first proposed examples of flexural isostatic uplift 
of footwalls in response to extension (Wernicke & Axen, 1988). Forward modeling of the elastic 
response of the crust to normal faulting has been done with a wide range of parameters in an 
attempt to test this interpretation and reproduce the geological observations there. Extension on 
major basement-bounding normal faults results in hanging wall subsidence and footwall uplift 
(Vening-Meinesz 1950; Jackson & McKenzie 1983), causing characteristically asymmetric rift 
flanks with steep faces on the faulted side of the footwall, dipping towards the basin and gentle 
broad slopes on the back-side of the footwall, dipping away from the basin (Vening-Meinesz, 
1950). This displacement can be treated as a load (positive or negative) on an elastic plate. If it is 
placed onto a plate with infinite strength, then the plate behaves as perfectly rigid and there is no 
deflection caused by the load and therefore the load will not be in isostatic equilibrium. If the 
load is placed onto a plate with no strength, then isostasy acts to compensate this load in a purely 
local manner with a deflection of the plate occurring immediately below the load.  This is the 
case of Airy isostasy (Airy, 1855).  
 
These scenarios are end-member cases for the strength of the plate.  In between there is a 
continuum of scenarios in which the strength of the plate is finite. In this situation, the response 
to the load is distributed flexurally, with the deformation forming a damped-harmonic waveform 
(Watts, 2001).  Positive loads create a depression with a wavelength greater than that of the load, 
while negative loads create a corresponding uplift.  The wavelength of the flexural response 
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depends on the strength of the plate. Effective elastic thickness, Te, is the parameter that 
expresses the strength of the plate.  
 
Forward Modeling 
By assigning a dip, geometry (planar or listric) and displacement to a fault within a crust of 
uniform thickness, we impose a load that results in footwall uplift and hanging wall subsidence. 
These vertical deflections are calculated using the Stretch software from Badleys Geoscience. 
The software uses the Flexural Cantilever model to calculate the different loads that result from 
the fault displacement along with their corresponding vertical displacements in the crust, 
allowing them to interfere constructively and destructively (Kusznir et al., 1991). The flexural 
cantilever model assumes that the upper crust extends along discrete faults, and the lower crust 
and mantle by distributed plastic deformation (pure shear; Kusznir et al., 1994). The flexural 
response of the upper crust to the lithospheric isostatic loads generated by extension generates 
footwall uplift, as well as hanging wall subsidence; the footwall and hanging wall blocks behave 
as two mutually self-supporting beams that become locked to each other after displacement on 
the fault occurs. Within the flexural cantilever model, the plastic deformation in the lower crust 
and mantle are controlled by a stretch factor, β, as defined by McKenzie (1978). The location of 
the ductile extension can be controlled as part of the model. It can be made to occur over a short 
distance under the fault or to be accommodated on a more regional scale. The syn-rift thermal 
perturbation of the lithospheric temperature field and its post-rift thermal re-equilibration are 
computed from the β distribution. Loads generated by lithospheric extension associated with 
crustal thinning, syn- and post-rift thermal effects, sediment fill and erosional denudation are all 
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distributed flexurally. Compaction effects are also incorporated in the model. The full 
mathematical description of this model is found in Kusznir et al. (1991). 
 
Application to the Beaver Dam Mountains 
In the Beaver Dam Mountains, Wernicke & Axen (1988) assume that all or most of the observed 
deformation is a product of isostatic footwall uplift, hence, the dip of these layers serves as a 
constraint on the amount of footwall deflection.  Proterozoic basement is overlain by a thick 
section of Paleozoic rocks that dip away from the Beaver Dam Wash. The current dip of these 
layers is 30° - 35° towards the east (Figure 3.3). The amount of horizontal extension 
accommodated by the Castle Cliff detachment and its initial dip (Do), 27 km and 30° 
respectively, as well as the flexural uplift distance, 0.7 km, are taken from the balanced cross 
section of Axen et al. (1990). Here we define the flexural uplift distance as the horizontal 
distance between the footwall cutoff and the first location where the footwall dips are horizontal. 
This value varies with stratigraphic position. In our study we assume the top of the Jurassic strata 
as the top of the footwall strata and a stratigraphic thickness of 5 km, as Axen et al. (1990) do in 
their cross-section. We will measure the flexural uplift distance on this surface. 
 
In this study we have tested a range of values for Do (initial dip of the fault) and Te (elastic 
thickness), for both planar and listric fault geometries in an attempt to model the observed 
footwall geometry. The model assumes a 30 km thick crust (which includes a 5 km thick 
sedimentary section) with a 15 km deep brittle-ductile transition. This is consistent with crustal 
thicknesses determined from receiver function studies of USArray data (Lowry & Perez-
Gussinye, 2011) and depths of nucleation of large normal-fault earthquakes in the Basin and 
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Range Province (Doser, 1985; Doser & Smith, 1985; Jackson, 1987). The pure shear extension 
assumed to occur in the lower crust and upper mantle is distributed over a 1000 km wide area in 
order to replicate the lower-crustal flow that is thought to occur in the Basin and Range Province. 
This results in a more or less flat Moho (Block & Royden, 1990).  
 
Figure 3.4 shows an example of a model iteration. This model used Do = 50° and Te = 5 km for 
both a litsric (Figure 3.4a) and planar fault (Figure 3.4b) with sediments filling the basin. The 
location where the dip of the footwall is measured is indicated by the angle symbol in the close-
up section of each model. The footwall uplift distance is indicated by the horizontal double-
headed arrow in the zoomed-out section. The vertical arrows indicate the location in the cross-
sections where the footwall dips are horizontal.  
 
The results of all the experiments are shown in Figure 3.5 and in Appendix H. The plots in 
Figure 3.5 are of Te vs Do. Each cross represents a model iteration for which footwall dip and 
uplift distance was mesured. The black lines and the red lines are contours of the footwall dip 
and footwall uplift distance values, respectively. The footwall dip values are contoured every 2° 
with bold lines every 10°. The footwall uplift distances are contoured every 2 km with bold lines 
every 10 km. The four plots represent cases where either listric or planar faults are bounding 
basins that are empty or filled with sediments up to sea level (0 km).  
 
In the explored parameter space, we cannot reproduce Wernicke and Axen's interpretation. The 
observed footwall dip of the Beaver Dam Mountains can be modeled, but requires a planar fault 
with Do > 50° and Te < 6 km. The observed dip cannot be modeled with a listric fault. The 
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flexural uplift distance observed in the Beaver Dam Mountains (<1 km) is an order of magnitude 
smaller than the lowest values observed in our models (~10 km), obtained when using Te = 1 
km. This distance is mostly dependent on Te. Estimates of Te of the Basin and Range Province 
as a whole vary between 4 km and 10 km and are ~10 km for our study area (Bechtel et al., 
1990; Lowry & Smith, 1995; Lowry & Perez-Gussinye, 2011). As a test, models were run with 
Te = 0.1 km and planar faults dipping 30° and 60°. For both these cases, which approximate Airy 
isostasy, the flexural uplift distance was still larger, but on the same order of magnitude, than 
that observed in the Beaver Dam Mountains (1.5 km vs  <1 km). The features observed in the 
Beaver Dam Mountains then, if formed by isostatic footwall uplift, imply that the range 
bounding fault was planar and had an initial dip >50°, and the underlying lithosphere has no 
flexural strength. We ran a model with these parameters (Te = 0.05 km, Do = 50°) that can be 
seen in Figure 3.6. Even though the dip and flexural uplift distance of the footwall are similar to 
the observed values in the Beaver Dam Mountains, the lack of flexural strength introduces 
another suite of issues, such as the absence of a basin and a footwall elevation (~200 meters) 
which is much smaller than that observed in the Beaver Dam Mountains (~1 km). Therefore we 
suggest that the observed surface geology cannot be a result of isostatic uplift induced by normal 
faulting. The possible origins for this geometry will be addressed later in the paper.  
 
Seismic Data  
The goal of the seismic experiment was to image the interface between the Miocene sediments 
that crop out at the surface and the Proterozoic basement rocks that underlie them. This surface is 
identified in Axen et al (1990) as a detachment fault. Axen et al. also propose that the small 
normal faults seen in outcrop sole into the detachment. If the basement-sediment contact dips 
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gently towards the Beaver Dam Wash and is uncut by any normal faults, this would support this 
interpretation. However, if the interface is cut by a steeply-dipping basin-bounding fault or by 
any of the lesser faults hitherto regarded as restricted to the hanging-wall of the Castle Cliff 
detachment, then this would support the alternative hypothesis, that this surface is an 
unconformity, and the main range-bounding normal fault is the high-angle Red Hollow fault 
(Christie-Blick et al., 2007).  
 
Acquisition 
To test these hypotheses, a seismic reflection experiment was undertaken there in the Spring of 
2012. The seismic line has a length of ~4.8 km. The data were acquired along the many dirt 
roads that cross the area. The line was designed, as much as possible, to follow the Axen et al. 
(1990) cross-section (Figure 3.7). The data were acquired using seismic surveying equipment 
from the Applied Geophysics Center of the University of Nevada - Las Vegas. The source for 
this experiment was a 7000 lb Vibroseis trailer. A 10-200 Hz 8 second linear sweep was used. 
The data were recorded using 5 Geometric Geode seismometers connected in series. Each one of 
these was connected to a string of 24 14-Hz geophones with a spacing of 10 m for a total of 120 
channels, with a length of 1.2 km recording at any given time. An edge-push configuration was 
used to maximize the source-receiver offset. The 24-channel sections were leap-frogged until the 
total length of the line was achieved. Shots were co-located with the geophones, with four 
sweeps per station to increase signal to noise ratio. The sweep length was 8 s and the listen time 
was 4 s for a 12 s record length. The nominal CDP interval was 5 m with a maximum fold of 60. 
The sampling interval was 0.5 ms. An example of a shot gather can be seen in Figure 3.8. The 
station locations and elevations were determined to sub-meter accuracy using a Topcon GB-1000 
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campaign kit provided by UNAVCO (Appendix I). The pseudorange data was processed by Eric 
Malikowski and Jim Davis at LDEO using GAMIT/Globe-K software.  
 
Reflection Seismic Method 
Data Processing 
The vibrosesis correlation was done during the acquisition process. The data were then converted 
from SEG-2 to SEG-Y format using the Geogiga Seismic Pro software. Landmark Geophysical’s 
ProMAX software was used for all subsequent processing. The critical first step is to define the 
geometry, the relative position of the source with respect to the receivers, and the exact location 
of each receiver. Once done, these values were loaded into the header values of each SEG-Y file. 
The Common Mid-Point (CMP) of each source-receiver pair was binned using a crooked-line 
approximation. The approximation is done to maximize the range of source-receiver offsets 
present in each bin. The fold (number of traces located in each bin) varies along the line due to 
the irregular spatial distribution of the CMP’s. Following this step, refraction statics were 
applied. This step compensates for variations in arrival times associated with the effect of 
varying thickness of the weathered zone as well as variations in elevation. We used a fixed 
datum above the highest elevation.   
 
At this point it is important to distinguish the coherent noise from the signal in the data. For land 
data the most common source of coherent noise are ground roll, air blast and direct waves 
(Figure 3.6). The next processing step consists of removing bad traces to avoid degrading the 
quality of the overall data set.  After this is done we try to remove the coherent noise from the 
signal. To do this a series of processes were applied to the data. First, a surface consistent 
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deconvolution was done to enhance reflections.  Next, we applied a single Ormsby zero-phase 
band-pass filter of 22-32-80-96 Hz. This filter removes the low frequency component of the 
ground roll. Spatial aliasing of the noise, however, results in an overlap between the frequencies 
of the noise and the signal that prevents a complete removal of the former. A notch filter of 62.5 
Hz was applied to remove noise from the nearby power lines. Finally, time variant spectral 
whitening (a process that equalizes the frequency spectra), trace equalization and automatic gain 
control (AGC; using a time window of 250 ms) was performed to sharpen the signal and 
compensate for the reduction of amplitudes that occurs as depth and offset increase. No mutes 
were applied to the data because preliminary attempts to do so resulted in the loss of reflection 
signal. This means that there is still coherent noise in the signal, albeit much reduced by this 
filtering process. This noise (which is mostly refractions) moves out in a linear manner instead of 
a hyperbolic manner (as the reflections) and is diminished during stacking.   
 
The data were then sorted by CMP and grouped into supergathers to do the velocity analysis. 
Integrated analysis of constant velocity gathers and semblance plots were used to choose the 
stacking velocities. The chosen velocities were used to apply a normal move-out to the data. The 
traces are then shifted in time by applying residual statics. After this, a dip moveout (DMO) was 
applied to the data, to correct for dipping reflections, which are not accurately located using only 
NMO. After the DMO is applied, another iteration of the velocity analysis must be performed to 
adjust the stacking velocities, before which the data must go through an inverse NMO. The data 
is finally stacked into one trace per CDP and displayed. This process can be iterated until there is 
no appreciable difference in the stacking velocities before and after the DMO application. Finally 
another Ormsby bandpass filter of 10-20-50-80 Hz and AGC with a 300 ms window was applied 
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to enhance the final seismic section. The complete processing workflow for this survey can be 
seen in Table 3.1.  
  
Interpretation 
Several examples of truncated and tilted reflections can be observed in the final seismic section 
(Figure 3.9). Several reflections are observed in the upper 200 ms. These are not continuous 
throughout the whole profile, but can be followed individually for several hundred meters. These 
probably represent the shallow stratigraphy of Neogene sediments that are seen at the surface. At 
CDP 430 these layers can be seen dipping towards the east and are truncated by a surface 
interpreted to be a fault f1 (Figure 3.9) around CDP 600. This structure is also seen in outcrop at 
the surface. Deeper than 200 ms and west of the fault f1, there is only one eastward dipping 
reflection that can be followed intermittently between CDP’s 215 and 460 where it is truncated 
by fault f1. At CDP 215 this layer is truncated by fault f0. Fault f0 is not as clear as the other 
faults in the section, but the abrupt termination of reflections and the presence of diffractions 
lead us to place it here. A short, bright reflection is interpreted as a buried landslide within the 
basin fill.  East of fault f1 there are several prominent reflections at varying depths. The brightest 
reflection coincides with an abrupt increase in the RMS stacking velocities and is interpreted to 
be the top of the crystalline basement. This reflection terminates at fault f1 and is offset by two 
other faults (faults f2 and f3 in Figure 3.7). These offsets can also be observed in the shallow 
reflections, though not as prominently. 
 
Refraction Seismic Method 
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A seismic refraction analysis was performed on the data using the first breaks picked during the 
reflection processing to produce a P-wave velocity model. This analysis complements the 
seismic reflection images described above.  Refractions were used from every 6th shot-gather 
along the profile (Figure 3.10c) and assigned pick uncertainties of 15 ms.  A total of 8766 picks 
were included.  We used the iterative tomography code JIVE3D for first-arrival tomography 
(Hobro et al., 2003).  Although the profile was acquired with a crooked-line geometry (Figure 
3.5), we established a 2D grid for tomography along the profile. We calculated the distance along 
the profile for each shot, and then used the actual source-receiver offsets for the positions of the 
receivers, assuming that they lay along the line. The grid used for ray-tracing and inversion had a 
grid spacing of 20 m in the horizontal direction by 5 m in the vertical direction (246 x 161 
nodes).   
 
The forward step involves tracing rays through a velocity model using the ray-shooting method 
in order to estimate ray paths, synthetic travel times and Fréchet derivatives. These synthetic 
travel times are then compared with observed travel times to calculate misfit. The inversion 
process consists of a series of steps during which the starting model is modified using the 
‘jumping’ strategy (Shaw and Orcutt, 1985). A function of misfit and model roughness is 
minimized in order to find the smoothest model that fits the data within its errors. Horizontal 
smoothing was greater than vertical smoothing. We tried a variety of smoothing parameters and 
found that the result was very similar for different values. Regularization is gradually decreased 
to allow more roughness to develop in the model and to improve data fit. The starting model 
consisted of a 1D velocity function with a linear gradient of 5.5 km/s/km hung from the surface. 
The final model explains 98% of the picks and has a root-mean-squared (RMS) data misfit of 
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16.7 ms, comparable to the picking uncertainty of 15 ms. Some of the misfit may be explained 
by the 2D assumptions above. 
 
The modeled ray-paths, which sample to maximum depths of ~300 m beneath the surface, are 
shown in Figure 3.10b. At the smallest source-receiver offsets (which sample the shallowest 
depth), refractions have apparent velocities of ~0.6 km/s. These increase rapidly with offset. 
Higher apparent velocities are observed at increasingly small source-receiver offsets towards the 
northeastern part of the profile. The final model can be seen in Figure 3.10a. The tomography 
model is consistent with the interpretation of the seismic reflection data. Seismic velocities of 3.5 
km/s are found at ~100 m depth on the eastern end of the profile and slowly deepen in a stepped 
manner (which coincides with faults f2 and f3 of the seismic reflection profile). At fault f1, the 
velocities step down a farther 250 m, which is consistent with top of the basement being 
truncated by the fault.  At the location of fault f0, we can observe an abrupt change as the 
velocity gradient decreases.  
 
Comparison with Surface Geology 
The surface geology has been compiled from Hintze (1986) and Biek et al. (2009) and 
complimented with photogeologic analyses of 1:24000 aerial photos of the area, the 
interpretation of which was later verified in the field prior to the seismic acquisition. Tilted fault-
blocks are delineated by eastward dipping landslide masses of Paleozoic carbonates that cap 
several hills adjacent to the seismic line (Figure 3.7). These slide blocks are concordant with the 
underlying strata and have helped protect the faulted sediments from erosion. Figure 3.9a shows 
a topographic profile of a section parallel to the acquired seismic line, which runs through these 
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hills to highlight the relation between the faulting and the topography. There we can observe that 
the east-dipping tilt blocks coincide with the faults observed in the seismic data, as well as east 
dipping reflections in the shallow sub-surface.  
 
Taken together, these data suggest that the faults observed at the surface extend through the 
sedimentary section but do not sole into the basement-sediment contact, as inferred by Axen et 
al. (1990), but instead cut the contact.  The location of the westernmost fault imaged (f0 in 




One hundred seventy six new measurements were taken in the Spring of 2010 for this study 
(Figure 3.11). The data were acquired in and around the Beaver Dam Wash, where few previous 
data points had been collected, especially along and around a geologic cross-section drawn in 
Axen et al. (1990; Figure 3.2b). We used a Lacoste & Romberg gravimeter provided by the 
Crustal Geophysics and Geochemistry Science Center of the USGS in Denver, Colorado. 
Measurements were taken in the morning and evening at the USGS gravity base station in 
Mesquite, NV (MESCN; Appendix J) to calculate the instrument drift. Each measurement was 
located using a handheld GPS unit with an incorporated barometric altimeter. The altimeter was 
also calibrated every morning and evening at the gravity base station; it represents the largest 
source of uncertainty in the measurement. The earth tide correction was applied using the 




Data Compilation & Reduction 
Our data was combined with that of several other sources and processed together in a uniform 
manner to expand our dataset. Most of the data were taken from the Panamerican Center for 
Earth and Environmental Studies (PACES) Gravity database of the US. These data were 
combined with two USGS studies done in the area (Langenheim et al., 2000; Scheirer et al. 
2006). The compiled measurements only had drift and tide corrections applied; this allowed us to 
apply the same data reduction process to all the data. This data reduction process was done using 
the gravity reduction spreadsheet of Holom & Oldow (2007), which conforms to the new gravity 
standards set by the USGS (Hildenbrand et al., 2002) and the Standards/Format Working Group 
of the North American Gravity Database Committee (Hinze et al., 2003). This spreadsheet 
calculates the ellipsoid theoretical gravity value, the atmospheric correction, the elevation 
correction and the Bouger spherical cap correction. The terrain correction must be calculated 
separately and input to the spreadsheet. This was done using the outer and inner terrain 
correction software developed by Mike Webring of the USGS, which uses Digital Elevation 
Models (DEM) to calculate these values. We used 1/3 arc-second resolution (~10 m) datasets 
available from the USGS's National Map. A total of 7794 observations between 36°N and 38°N 
and 113°W and 115°W were processed (Figure 3.11). 
 
Data De-trending 
The gravity signal contains information about the underlying crust and mantle. For this study we 
are only interested in the variations in gravity that result from the upper crustal structure of the 
area. Moho depth changes and mantle property changes produce a gravity signal that is of a 
larger wavelength than that of interest to our study. Consequently, we wish to isolate the shorter 
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wavelength variations. In order to remove the long-wavelength signal, two approaches can be 
taken: 1) to approximate a function to gravity measurements taken over an area much larger (~10 
times) than the wavelength of the features we are interested in and remove that value, or 2) to 
model the gravity signal produced by the variation in crustal thickness along our profile and 
remove that value. Lowry & Perez-Gussinye (2011) produced a comprehensive dataset of crustal 
thicknesses of the western US obtained using a combination of receiver functions from USArray 
data and regional gravity data. Their results suggest systematic variations in crustal thickness 
between the Colorado Plateau and the Basin and Range (Figure 3.12a), with a variation of 5.5 
km in crustal thickness along our profile. The gravity variation along the profile can be 
calculated b using these crustal thicknesses and a density difference of 0.4 g/cc between the 
mantle and the crust. This yields a difference of 49 mgal between the ends of the profile. The 
error on the crustal thickness measurements, however, is ~ 4 km, comparable to the observed 
difference. Because of this uncertainty we prefer to use the first method, approximating a 
function to the observed data to remove the long-wavelength signal. We choose to approximate a 
planar function to the data (Figure 3.12b) to avoid over-correcting it, and find a linear change of 
28 mgal between the start and end of the profile. The plane was approximated to the 2° x 2° 
region of data (~200 km x 200 km) shown in Figure 3.11, which is ~10x the size of the basins we 
are modeling (~20 km in width). Figure 3.12c shows the comparison of the data before and after 
the detrending process along the modeled regional profile. The detrended data points were 
gridded using the Generic Mapping Tools into a 0.25 km x 0.25 km grid (Wessel & Smith , 
1998).  
 
Observed Gravity Signal 
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The regional section of Axen et al. (1990) can be divided into six sections (Figure 3.11). The 
main features in the observed gravity are highlighted for each section: 1) There is a high over the 
Beaver Dam Mountains with a drop-off in the gravity signal towards the east at the Proterozoic-
Paleozoic contact; 2) Over the Beaver Dam Wash there is an abrupt decrease in the gravity 
signature, which forms an approximately symmetric gravity low; 3) Over the Tule Springs Hills 
the observed data show a gravity high, with a sharp shoulder at the eastern edge of the Tule 
Springs Hills; 4) The East Mormon Mountains have a short wavelength high and low in the 
gravity signal; 5) The Mormon Mountains have a broad gravity high which has the largest 
gravity values of the profile; 6) Finally, the Meadow Valley Wash coincides with the largest  
gravity drop in the profile. This drop occurs abruptly at the east side of the Mormon Mountains.   
 
Gravity Forward Modeling  
The observed data were forward modeled using the Talwani program developed by PACES. The 
Talwani software is a gravity-profile forward-modeling program based on the technique of 
Talwani et al. (1959) and Cady (1980). Density values (not just density contrast) are assigned to 
each body. Each body that reaches the edge of the model is extended for 2000 km to avoid edge 
effects. The bodies are also extended 1000 km in and out of the profile, making the model two-
dimensional. The model calculations are made at 0.25-km intervals, collocated with the 
elevations extracted from the 1/3 arc-second DEM's used for the terrain corrections.  Since we 
have removed large wavelength variations due to sub-crustal variations, we assume a horizontal 




The subsurface rocks were divided into Proterozoic, Paleozoic, Mesozoic, Tertiary and 
Quaternary ages (Figure 3.14). The assigned densities (Table 3.2) were chosen from a 
compilation of density measurements made on surface samples (Langenheim et al., 2000), 
densities from sonic logs obtained in the Mobil-1A borehole drilled in the Virgin River 
Depression (Bohannon et al., 1993) and from interval velocities obtained from seismic data 
acquired in the region (Carpenter & Carpenter, 1994). The assigned densities as well as the range 
of density estimates are presented in Table 3.2. 
 
Sub-surface configurations were tested by calculating the gravity signal of an initial model using 
the Talwani software, and iteratively adjusting the model to reduce the misfit to the gridded 
observed data. The initial model was a modified version of the cross section presented in Walker 
(2008; Figure 3.13a). Our preferred model is referred to from here on as PM13 (Figure 3.14a). 
The subsurface model of Axen et al. (1990) was also tested as an end member model for the 
profile and will hereafter be called AX90 (Figure 3.14b).    
 
Geological Constraints on the Gravity Interpretation 
Although gravity is usually considered to yield non-unique solutions, when used in conjunction 
with regional geologic constraints, it can provide valuable insight regarding the subsurface 
structure (Saltus & Blakely, 2011). The thoroughly mapped surface geology in the area 
represents such a constraint. The various published geologic cross-sections, however, show how 
different the subsurface interpretations can be based on the same surface data. Another constraint 
is the regional structure prior to the onset of extension in the Miocene. Although such structure 
cannot be known exactly, there was probably pre-existing topography due to thrusting in the 
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area, as evidenced by the overturned stratigraphic sections in the Beaver Dam Mountains. 
Miocene apatite fission track ages obtained in the Beaver Dam Mountains (Stockli, 1999) 
indicate that the basement rocks now exposed at the surface could not have cooled below 100-
120 °C until the Miocene. If we assume an average geothermal gradient of 25 °C/km and a 
surface temperature of 10°C, this would imply that the basal unconformity overlying the 
crystalline rocks was at ~4 km depth at the onset of extension. This constrains any pre-extension 
removal of stratigraphic section to the Mesozoic and latest Paleozoic.  These constraints were 
taken into consideration when defining PM13 (Figure 3.14a).  
 
Subsurface Structure 
Our interpretation of the sub-surface structure (Figure 3.13b) based on the gravity data and the 
geological constraints are synthesized in our PM13 model. The main features of this model are: 
1) The drop-off in the gravity signal towards the eastern flank of the Beaver Dam Mountains is 
interpreted to result from the lower density of the Paleozoic rocks with respect to the crystalline 
basement. There is a short wave-length decrease in the gravity signal over the basal Cambrian 
section, corresponding to the location of the Tapeats Sandstone and the Bright Angel Shale. This 
is interpreted to be due to the relatively low density of these formations with respect to the 
crystalline Proterozoic rocks and the Paleozoic carbonates (an average value is used for all 
Paleozoic rocks in our density models).  The gravity anomaly high reached over the center of the 
Beaver Dam Mountains is much lower than expected for the basement rocks seen at the surface. 
We have interpreted this to be due to a blind thrust that underlies the Beaver Dam Mountains and 
places the crystalline rocks observed at the surface over a section of Paleozoic rocks. This 
section would have to be ~2 km thick and with a density closer to the clastic rather than 
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carbonate Paleozoic section (Langenheim et al., 2000) to fit the observed gravity. It is difficult to 
account for the observed gravity without this structural feature. 2) The sharp decrease in the 
gravity signature is interpreted as the location of the main range-bounding fault, the Red Hollow 
fault, on the west side of the Beaver Dam Mountains. The gravity signal minimum is interpreted 
to coincide with a graben located underneath the Beaver Dam Wash. The basin is bounded by 
normal faults at the edge of the Tule Springs Hills and the Beaver Dam Mountains; 3) The 
surface geology of the Tule Springs Hills suggests that the full Paleozoic stratigraphic section 
underlies the Tule Springs Hills, leading us to predict a gravity low similar to that on the east 
side of the Beaver Dam Mountains. However, the observed data show a gravity high over the 
Tule Springs Hills that we are not able to reproduce in our model, indicating the presence of a 
subsurface configuration which is not well understood; 4) The paired high and low seen here are 
interpreted as a horst, which forms the Eastern Mormon Mountains, and the adjacent southern 
extension of the Tule Springs desert graben; 5) The gravity anomaly high over the Mormon 
Mountains is interpreted to be the result of the underlying crystalline basement approaching the 
surface. 6) The abrupt gravity anomaly decrease observed at Meadow Valley Wash is interpreted 
to be caused by a prominent normal fault bounding the west side of the Mormon Mountains 
(Figure 3.14a; Walker, 2008).   
 
Comparison between PM13 and AX90 
Figure 3.15 shows how the gravity anomaly modeled using PM13 yields a better fit to the 
observed gravity signal than the gravity anomaly modeled using AX90. Figure 3.15 shows the 
gravity anomalies from both models, the gravity measurements taken from a ~5 km swath 
centered on the profile, and the gridded data. The misfit between the two models and the gridded 
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data is also plotted.  We describe the main differences between them for each section.  1) AX90 
shows a large misfit over the Beaver Dam Mountains, which PM13 avoids by placing a blind 
thrust under the Beaver Dam Mountains. A modified version of AX90, also shown, which 
incorporates this feature, decreases the misfit at this location. The thickness of the Paleozoic 
section required is smaller in AX90 than in PM13 (1.2 km vs 2 km). 2) Both AX90 and PM13 
show a good fit over the Beaver Dam Wash basin, in spite of the different sub-surface 
configurations. This is because both models assume that the easternmost part of the upper plate 
of the Tule Springs thrust is preserved in the basin and effectively forms the western boundary of 
the deeper part of the basin. This provides a sharp lateral density gradient that controls the shape 
of the gravity anomaly of the Beaver Dam Wash. For both models the misfit does not exceed 3.5 
mgals for this area. 3) Although both models have a poor fit to the data over the Tule Springs 
Hills, AX90 has misfit values of up to 7 mgals, while the PM13 misfit peaks at ~3.5 mgals. 4) 
The Eastern Mormon Mountains shows a large difference between AX90 and PM13, as AX90 
fails to reproduce the paired high and low observed in the data. Furthermore, AX90 predicts a 
gravity high, due to crystalline rocks approaching the surface, where a low is observed in the 
data. PM13 accounts for this by including a graben between the Mormon and East Mormon 
mountains. 5) AX90 reproduces the shape of the gravity signal over the Mormon Mountains, but 
the values are lower than the observed. The misfit for this area is slightly larger than PM13. 6) In 
the Meadow Valley Wash, AX90 shows a large misfit (values surpassing 10 mgals) as it is not 
capable of reproducing the steep drop-off observed in the gravity data at the west side of the 
Mormon Mountains. PM13 shows a very good fit in this area. Overall, the average misfit is 3.64 
mgals for AX90, 2.94 for the modified AX90 and 1.71 mgals for PM13. Even though AX90 
reproduces some features accurately along the profile, it does so with consistently larger misfits 
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than PM13. Taken as a whole, PM13 does a better job of reproducing the observed gravity 
values.   
 
An Alternative Structural Model for the Mormon Mountains-Beaver Dam Mountains 
Transect  
We propose that the deformation observed in the Mormon Mountains domain is a combination of 
deep-seated Sevier-age crustal shortening modified by Miocene-age high-angle normal faults. 
The main structure is a major range-bounding fault, the Piedmont fault, which creates the Virgin 
River Depression, one of the deepest half-grabens in the Basin and Range Province with 
Cenozoic sediment thicknesses locally reaching 6 km. The scooped (vs linear) shape of this fault 
in map view may be indicative of a preexisting structure having controlled the location of the 
normal faulting. The strata in the footwall of this fault form the Virgin Mountain anticline 
(Seager, 1970; Moore, 1972; Quigley et al., 2010). There dips reach values of up to 45°, and 
even overturned locally. Mesozoic sediments encountered in the Mobil Virgin River 1A well are 
only a fraction of their regional thickness and have been interpreted to be attenuated by faulting 
(Bohannon et al., 1993). An alternative hypothesis is that this reduced thickness is due to pre-
extensional erosion of the crest of an anticline. Quigley et al. (2010) suggest the existence of a 
low-relief Laramide-style basement uplift, covered by Sevier thrust stacks. As with the Beaver 
Dam Mountains, apatite fission track ages of 10-16 Ma indicate that the last phase of exhumation 
took place in the Miocene due to normal faulting. We will review the evidence from each of the 





Our modeling has shown that the deformation observed in the Beaver Dam Mountains cannot be 
an isostatic response to extensional unloading of the footwall. In order to obtain footwall uplift 
distances similar to those observed in the Beaver Dam Mountains, a Te < 0.1 km is required.  
This value is orders of magnitude smaller than those calculated for the Basin and Range Province 
(Te = 4-10 km; Lowry & Perez-Gussinye, 2011) and even for young oceanic crust (Te = 2–10 
km; Cochran, 1979; Watts & Burov, 2003). Even if the Te values were ~0, the range-bounding 
fault would require Do > 50°. This is inconsistent with the system of detachment faults proposed 
to control extension in this area.  
 
Seismic Data 
The seismic data presented here show that the minor normal faults observed at the surface offset 
the basement-Miocene contact. They do not sole into the contact, interpreted as a detachment in 
Axen et al. (1990). The presence of hanging-wall breakup faults soling into the basal detachment 
has long been considered one of the defining features of detachment faulting (Wernicke, 1981; 
Davis & Lister, 1989; Hayman, 2003). This study shows that the shallow structure of this area is 
not consistent with a detachment interpretation. The small faults observed in the seismic data 
(Figure 3.9; f0, f1, f2 and f3) and in the surface geology are sub-parallel to each other but 
oblique to the range-bounding fault (Figure 3.7). This is interpreted by Biek et al. (2009) as the 
Piedmont fault (responsible for the Virgin River Depression basin) being abutted by the Red 
Hollow fault (Figure 3.16b). This type of fault-overlap with displacement transfer is commonly 
observed along strike in regional fault systems (Anders & Schlische, 1994; Trudgill & 
Cartwright, 1994; McClay & Khalil, 1998). The Piedmont fault is the 60° west-dipping normal 
fault imaged in line 4-4A of Carpenter & Carpenter (1994; Figure 3.16a). We interpret faults f1-
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f3 as splay faults of this main structure that form as the overall displacement goes to zero, all of 
which cut the basement-Miocene contact. The Red Hollow fault, then, corresponds to fault f0 in 
our seismic section. The Miocene-basement contact, which we consider an unconformity and not 
a detachment fault, is dropped by the Red Hollow fault beyond the sampling depth of our data. 
This interpretation is consistent with gravity data, which suggest that the basin deepens gradually 
along the seismic line, from east to west, with an abrupt change in the gravity gradient that 
coincides with the presumed location of the Red Hollow fault (Figure 3.15). These faults may 
have been active into the Pliocene as evidenced by the tilted shallow sediments, although the age 
of these is not well constrained. There is evidence of displacement, further to the south in 
Arizona, in the alluvial fans coming of the Virgin Mountains which suggest Pliocene activity on 
the Piedmont fault (Menges & Pearthree, 1983; Pearthree, 1997). 
 
Gravity Profile 
The gravity modeling shows that the high-angle normal fault model of the Mormon Mountain 
domain is more consistent with the measured gravity data than the detachment model of 
Wernicke & Axen (1988) and Axen et al. (1990). This agrees with the hypothesis that the 
deformation attributed to the detachment faulting in the Mormon Mountains is more likely 
related to landslide processes (Cook, 1960; Seager, 1970; Hintze, 1986; Carpenter & Carpenter, 
1994; Christie-Blick et al., 2007; Walker, 2008, Anders et al., 2013). Our geologic cross-section 
(Figure 3.13b) suggests that the Beaver Dam Wash is a graben formed by the interaction of the 





The sediments in the Beaver Dam Wash are interpreted to be thicker adjacent to the Tule Springs 
Hills-bounding fault than the Red Hollow fault (>1 km vs 0.5 km), in spite of the structural relief 
across the Red Hollow fault being much larger than that of the Tule Springs fault (>5 km vs 1.5 
km respectively). The subsurface geometry of the basin is complicated by the uncertainty related 
to how far the thrust sheet observed in the Tule Springs Hills continues into the basin as well as 
its thickness. This structural configuration results in a gently west-tilting sub-basin, in contrast to 
the mostly E-SE dipping strata associated with the Piedmont fault. The morphology of the basin 
may be another indicator of this westward tilt (Figure 3.17). The surface of the western side of 
the basin is more or less flat (average dip~0.6° to the west) and featureless, while the surface of 
the eastern section is tilted towards the west with a dip of 2.8° and is being pervasively incised 
by channels with a few meters of relief across them. Between these two landscapes, is the Beaver 
Dam Wash, formed there by an  ~ 80 m deep canyon  that exposes sub-horizontal layered gravels 
in its sub-vertical western wall. These  sediments are likely filling a topographic low formed by 
faulting along the eastern edge of the Tule Springs Hills and have an onlap relationship with the 
underlying older sediments that dip to the west.  The footwall uplift associated with this fault, 
although modest (<1 km assuming Te = 10 km, Do = 50°) may be responsible for the presence of 
the Tule Springs Hills (the maximum relief there with respect to the Beaver Dam Wash is ~300 
m). The dips associated with this uplift would also be small (2.5° - 3° to the west) and may not 
be observable due to the small-scale structural complexity of the Tule Springs Hills.  
 
Another important observation from the gravity profile is the proposed blind thrust under the 
Beaver Dam Mountains. This thrust places basement rocks over a section of Paleozoic section, 
thus implying that the Beaver Dam Mountains anticline corresponds to a compressional fault-
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bend fold, with a lower flat within the crystalline basement and an upper flat within the 
Paleozoic section. The Bright Angel shale might be a possible candidate for this. One issue is 
that the thickness of Paleozoic rocks required to reproduce the observed gravity data is thicker 
than the basal Cambrian clastic section. This may be explained by duplexing of these strata.  
 
This structural configuration of basement rocks thrust over sedimentary rocks is not uncommon 
and has been observed in many localities including the Rio Grande Rift and the Appalachian 
Mountains. In the Sangre de Cristo de Mountains, which flank the San Luis basin of the Rio 
Grande Rift, surface geology and potential field data has led to this interpretation for the 
crystalline rocks exposed there (Lindsey et al., 1983; Peterson & Roy, 2005). Brown et al. (1983) 
reached a similar conclusion for the Green Mountains of Vermont based on seismic data 
acquired during the COCORP program. We also propose that the formation of this feature 
resulted in the erosion of the overlying Mesozoic stratigraphy. Erosion probably stripped the 
Cretaceous foreland basin sediments, some of which are still preserved to the northeast of the 
Beaver Dam anticline, and possibly part of the Triassic-Jurassic section (as assumed in our 
model). However, based on interpretations of apatite fission track data (Stockli, 1999), erosion 
could not have continued past the Permian section. 
 
Additional Constraints 
There are several observations from previous studies and from surface geology that are more 
consistent with a prolonged evolution of the Beaver Dam Mountains rather than a model where 
all the observed structures formed in the Miocene. These are summarized here from Christie-
Blick et al. (2007): 
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1) No detachment can be discerned in a seismic reflection profile (section 4A of Carpenter & 
Carpenter 1994; Figure 3.14) that intersects the range front 5 km south of the Axen et al.  (1990) 
geological cross-section or in a series of seismic reflection lines from other locations in the 
Virgin River depression immediately south and east of the Mormon Mountains and Tule Springs 
Hills (Bohannon et al. 1993). Instead, profile 4A (Figure 3.16; Carpenter and Carpenter, 1994) 
reveals the presence of a west-dipping high-angle range-bounding normal fault (interpreted as 
the northward continuation of the Piedmont fault). The seismic lines from Bohannon et al. (1993) 
show a deep half-graben basin (one of the deepest in the Basin and Range Province) controlled 
by the Piedmont fault. Given that there is no evidence in the surface geology for a transfer fault 
between the section in Figure 3.2 and line 4-4A of Carpenter & Carpenter (1994), it has been 
hypothesized that the detachment is offset to a depth of at least 4 s (~5.5 km) by the high-angle 
fault (G. J. Axen pers. comm. 1998 in Christie-Blick et al., 2007, p. 427). The gravity data 
presented in this paper however precludes the existence of a basin of this depth at the Beaver 
Dam Wash.  
2) The Beaver Dam anticline, previously thought to have a flexural isostatic origin, is oblique to 
and truncated by the Red Hollow fault, and not parallel as would be expected from such a 
feature.  
3) There is a panel of strongly overturned Pennsylvanian–Permian strata on the eastern flank of 
the Beaver Dam Mountains, which most likely predates Miocene deformation here. This is 
inconsistent with the assumption of the absence of any structural features between the crystalline 




The main argument in Axen & Wernicke (1989) to dismiss the possibility of a pre-Miocene 
origin of the Beaver Dam anticline  is the near concordance (<5°–10°; Hintze 1986) between 
Oligocene–Holocene sedimentary and volcanic rocks and Cretaceous–strata in the northern 
Beaver Dam Mountains (Figure 3.2a, outcrops located in northeast corner of map). These 
outcrops are located over 20 km away from the crest of the presumed anticline and need not have 
been involved in the folding. In the Kaibab uplift (KU in Figure 3.1a), a Cretaceous-
Paleogene(?) basement-involved anticline in the Colorado Plateau with an inferred structural 
relief of 1.6 km, stratigraphic layers transition from dips of 70°-80° to sub-horizontal over a 
distance of less than 2 km (Tindall & Davis, 1999). The Titus Canyon Anticline in the Grapevine 
Mountains in California (Figure 3.1b) is an example where using concordant strata can lead to an 
erroneous age interpretation of a structure. This structure is a recumbent anticline with a 15° 
dipping axial plane. About 2.5 km east of the crest of the anticline, on the overlying limb there 
are outcrops of the Oligocene-age Titus Canyon Formation in slight angular discordance with the 
underlying Paleozoic rocks. The apparent concordance of these and younger rocks with the older 
stratigraphy was used by Reynolds (1969) to infer a Pliocene age for the Titus Canyon anticline. 
More recent studies, however, have concluded that the anticline is part of the Cordilleran thrust 
belt and has a Permian-Triassic age (Niemi, 2012 and references therein).  
 
Recent studies in the Mormon Mountains have led to new, lower estimates of the amount of 
extension there (Carpenter and Carpenter, 1994, Anders et al., 2006; Walker et al, 2007; Walker, 
2008, Anderson et al., 2010, Diehl et al., 2010 and Anders et al., 2013). Of these studies, 
Anderson et al. (2010) and Diehl et al. (2010) suggest that the Mormon Mountain detachment 
(Figure 3.3) accommodated as little as 6 km of extension; the other authors suggest the Mormon 
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Mountain detachment is actually an artificial linkage of a number of small individual detachment 
surfaces upon which isolated upper plate blocks slid radially off the topographic dome of the 
Mormon Mountains thereby resulting in no crustal extension on these detachments. Templeton et 
al. (2011) suggested that the Tule Springs detachment, like the Mormon Mountain detachment, 
accommodates no crustal extension. In the Beaver Dam Mountains, Anderson and Barnhard 
(1993) state that “We saw no evidence to suggest that the Castle Cliff fault (detachment)  is a 
continuously low angle feature that accommodated 24 km of extension, as suggested by Axen 
and others (1990)”. Bohannon (1993) used a number of industry-acquired reflection seismic lines 
to characterize the sub-surface geometry of the Virgin River Depression in the Mormon 
Mountain domain and calculated 18-25 km of extension there.  All these studies suggest that the 
extension that occurred in the Mormon Mountain domain is much smaller than the previously 
estimated 54 ± 10 km of Wernicke et al. (1988) and Axen et al. (1990). 
 
Sheephorn Knoll, an isolated block of younger Cambrian and Mississippian carbonates lying 
directly on Proterozoic granites in the Beaver Dam Mountains has been interpreted as part of the 
upper plate of the Castle Cliff detachment (Axen et al., 1990; Wernicke and Axen 1988). 
However, we interpret this block to be a continuation of a series of similar aged smaller slide 
blocks that interbedded with the Tertiary gravels. The Tertiary gravels directly down slope from 
Sheephorn Knoll are mostly devoid of Proterozoic crystalline clasts implying that the slide 
blocks cut down into the Tertiary gravels as is often the case for large slide blocks (e.g., Beutner, 
1972; Boyer & Hossack, 1992). Moreover, these blocks lie on a downslope surface and are 
highly brecciated. In the case of the upper plate Bonanza King Formation to the south of 




Taken in conjunction, these observations combined with geophysical data we present are 
inconsistent with previous interpretations of the Castle Cliff detachment as a major extensional 
structure responsible for over 20 km of crustal extension. Rather our results are consistent with 
previous interpretation of the Castle Cliff detachment as a large single slide block dissected by 
erosion or a series of smaller slide blocks, either of which represents no crustal extension as was 
previously suggested by Cook (1960), Hintze, (1986), Carpenter & Carpenter (1994), Anders et 
al. (2006); Christie-Blick et al. (2007), Walker (2008), and Anders et al. (2013).  Our model, 
therefore is consistent with the high-angle normal fault extensional subsurface geometry 
proposed by Walker (2008) and Bohannon et al. (1993). As a natural consequence of this, the 
amount of extension across the Mormon Mountains domain is probably closer to 20 - 25 km 




In an effort to characterize the subsurface geometry and origin of the Beaver Dam Wash, we 
tested the hypothesis that the subsurface geometry there is determined by the presence of the 
Castle Cliff Detachment as proposed by Axen et al (1990). To do this we used three sets of 
geophysical data: flexural modeling, active source seismics and gravity modeling. We have 
shown that these datasets are not consistent with the widely cited interpretation of Axen et al. 
(1990). Rather, these datasets are in agreement with a model in which many of the deformation 
features that are observed currently are a result of crustal shortening of Cretaceous-Paleogene 
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age, which was then modified by regional extension along high-angle normal faults in the 
Miocene-Holocene, resulting in the landscape that we observe today.  
 
The large-scale folding seen in the Beaver Dam Mountains cannot be a result of flexural isostatic 
uplift of a footwall following extension and is rather, a result of thrusting in Cretaceous-
Paleogene. The flexural modeling indicates that the observed folding can only be accomplished 
by isostatic flexural uplift of the footwall if the Te of the lithosphere approaches zero (Airy 
isostasy) and the Do > 50°for the range-bounding fault. We interpret the contact between 
crystalline basement and the overlying sedimentary strata as an unconformity rather than a 
detachment fault. The seismic data show that this feature is offset by the minor faults observed at 
the surface. These had previously been considered hanging-wall break-up faults that should sole 
into the detachment. We propose the small faults are splays of the Piedmont fault which is 
transferring slip to the Red Hollow fault (i.e. Anders & Schlische, 1994). We also propose that 
the core of the Beaver Dam anticline is formed by a blind thrust that places the crystalline 
basement observed in the surface over sedimentary rocks. These structures were later faulted and 
tilted by high-angle normal faults. This interpretation is consistent with our regional gravity 
profile, which shows several steep gradients that cannot be reproduced with the detachment 
model.  
 
Taken in conjunction, these lines of evidence support an alternative model put forth in several 
studies (Hintze, 1986; Anderson & Barnhard, 1993; Bohannon et al., 1993; Carpenter & 
Carpenter, 1994; Anders et al., 2006; Christie-Blick et al., 2007; Walker, 2008; Anderson et al., 
2010; Diehl et al., 2010; Anders et al., 2013) in which the Beaver Dam Mountains had a 
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protracted geologic history, prior to Miocene extension. The extension across the Mormon 
Mountains domain was accommodated by high-angle normal faults and totals 20-25 km.  
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Table 3.1. Workflow used to process reflection seismic data 
 
- Convert data from SEG-2 to SEG-Y format 
- Import SEG-Y files into ProMAX software 
- Load geometry into headers 
- Assign crooked line geometry (defines the position of the CDP bins) 
- Remove bad shots and bad traces to improve overall data quality 
- Refraction statics to account for near surface effects of the weathered layer using first-break 
picks. The datum was set at the highest elevation.  
- Filtering 
 - Surface Consistent Deconvolution (spiking method) with 200 ms operator length 
 - Ormsby bandpass filter,  22-36-80-96 Hz 
 - Notch filter at 62.5 Hz with a 4 ms width (remove noise from power lines) 
 - Spectral whitening (250 ms balancing scalar length) 
 - Trace equalization using mean trace value 
 - Automatic Gain Control with 200 ms window 
-Velocity Analysis 
 - Supergathers are made (7 combined CDP’s every 10
th
 CDP) 
 - Velocity Analysis done using semblance plots 
-Normal Moveout (NMO) done using the previously obtained velocity table  
- Residual static correction  
 - Autostatic gate has 2 horizons, 200 ms wide each centered at 100 ms and 400  ms. A 
smash of 11 was used for both. 
- Dip Moveout correction done using FK DMO method 
- Inverse NMO applied to DMO gathers (NMO mute must be applied here!) 
- Velocity analysis done again  
- AGC applied, 300 ms window 
- NMO applied with new velocity table 
- Ensembles are stacked and final Ormsby bandpass filter applied (10-20-50-80 Hz) 
- Final stacks displayed. 
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[1] Velocities obtained from sonic log of Mobil Virgin River 1A well published in 









































Figure 3.1. A) Map of the western United States. Basin and Range Province is outlined in red.  Black box 
shows extent of Central Basin and Range. Underlined KU shows the location of the Kaibab Uplift in the 
Colorado Plateau. B) Map of the Central Basin and Range, regional context given in Figure 3.1A. Black 
lines correspond to the proposed boundaries (dashed where uncertain) for the Death Valley and Las 
Vegas extended terrains (Wernicke et al., 1988; Snow et al., 2000). The lines with ticks represent the 
break-away faults for each terrane. The Las Vegas extended terrane is further divided in three parts: the 
Mormon Mountains domain, the Lake Mead Domain and the Northern Colorado Extensional Corridor. 
These are separated by dashed red lines. Background map is taken from GeoMapApp. Abbreviations: CP, 
Colorado Plateau; GV, Grapevine Mountains; LV, Las Vegas; SN, Sierra Nevada; SP, Spring Mountains 
unextended block. Background maps taken from GeoMapApp. 
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Figure 3.2. A) Simplified geologic map of southern Nevada and adjacent states modified from 
http://tin.er.usgs.gov/geology/state/ (2009). Locality abbreviations: BD, Beaver Dam Mountains; BDW, 
Beaver Dam Wash; MM, Mormon Mountains; MV, Meadow Valley Mountains;  TS, Tule Springs Hills; 
VM, Virgin Mountains. Legend abbreviations: Sed, Sedimentary; Ign, Igneous. B) Topography of the 
Mormon Mountain domain. Red line shows the location of the cross section of Axen et al. (1990) shown 
in Figure 3.3. Scale is the same for both maps. 
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Figure 3.3. Geologic cross-section across the Mormon Mountains domain from Axen et al. (1990). Line 
of section is shown in Figure 3.2B. Lines with triangles are thrust faults. Lines with double ticks are 
detachment faults. All other faults are high-angle-normal faults. The black arrow on the east end of the 
section indicates where the dips are projected to have been horizontal at the top of the Mesozoic section. 
The red dot shows the footwall cutoff at the same stratigraphic level. The distance between these points is 
defined herein as the “flexural uplift distance”. The black box shows the approximate location of the 




















60 80 100 120 140 160 180
Distance (km)
60 80 100 120 140 160 180
Distance (km)
4020 2000
60 80 100 120 140 160 180
Distance (km)





























Figure 3.4. Flexural model run for Do=50° and Te= 5km. Model run with a listric (A) and planar (B) 
basin-bounding fault. Vertical arrow shows where footwall is horizontal. Horizontal arrows show the 
flexural uplift distance. Zoom in of basin shows where footwall dip is measured. Listric faults generally 
yield smaller footwall dips than planar faults. In all sections, colors represent the following: yellow, syn-
sedimentary basin fill; gray, supracrustal rocks; green, crystalline basement; red, mantle. 
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Figure 3.5. Contour maps showing variation of footwall dip (black contours) and flexural uplift distance 
(red contours) as a function of elastic thickness (Te) and the initial fault dip (Do). Dip is contoured every 
2°, with a bold contour every 10°. Footwall uplift distance is contoured every 5 km with a bold contour 
every 20 km. Each cross represents a calculated model. A) Results from model with slip along listric 
faults without sediments filling basin; B) Results from model with slip along planar faults without 
sediments filling basin; C) Results from model with slip along listric faults without sediments filling 
basin; D) Results from model with slip along planar faults without sediments filling basin. The parameter 
space was more limited for the models run without sediments filling the basin and was done mainly to see 
if the sediment fill had an appreciable effect on the results. The effect is negligible, as can be observed by 





















































Figure 3.6. A) Cross section showing a model run with Do=50°, Te=0.05 km and 27 km of extension. 
Note how the basement rocks are flexed towards the surface in response to the unloading along the fault. 
This virtually eliminates the basin that such a structure would produce. This panel represents the whole 
crust: red is mantle, green is crystalline basement and gray are supracrustal rocks. B): This section shows 
a close up of the area enclosed by the black box in the previous section. The space between the vertical 







Figure 3.7. Map showing the location of acquired seismic line (red line). The white line shows the 
transect of the elevation profile from Figure 3.9. Dashed line represents the cross section of Axen et al. 
(1990). Straight black lines are normal faults interpreted from aerial photographs. Black dot is on down-
thrown side. Dotted line represents the Red Hollow Fault. Presumed location of the Castle Cliff 
detachment marked by line with squares. Background satellite image taken from Google Earth with the 
geology map of Biek et al. (2010) superposed. Dm: Devonian Muddy Peak Dolomite; Mr: Mississippian 
Redwall Limestone; Qafo: Quaternary alluvial fan older (Pliocene); Qac: Quaternary alluvium and 
colluvium; Tmc: Tertiary Muddy Creek Fm.; Tmc (Mr): Slides of Mississippian carbonates within the 

























Figure 3.8. Example of a raw shot-gather from this study showing the different types of coherent noise 
present in the data.  
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Figure 3.9. A)  Elevation profile along a transect parallel to the seismic section (shown in Figure 3.7). 
This transect was chosen to highlight the relief next to the seismic line that is not seen if topography along 
the line is used. B) Uninterpreted seismic reflection line. Horizontal axis is CDP number and vertical axis 
is two-way travel time( TWTT). C) Interpreted version of the seismic section. The shaded light-blue areas 
are areas of low fold where data quality is poor. The left shaded area shows an example of an artifact 
introduced by the residual static processing, which spuriously aligned random waveforms to produce 
“stratigraphy”. The red lines are interpreted faults. The yellow lines are interpreted reflections in the 












































Figure 3.10. Refraction seismic section. Horizontal axis is distance along line in km for all panels. A) 
Velocity model obtained from the data. Velocities are in km/sec. Each contour line represents a 0.5 
km/sec increase. The top of the model represents the topography along the line. Vertical axis is elevation 
in km. B) Calculated ray-paths using the first arrival time of every source-receiver pair. Vertical axis is 
elevation in km. C) First arrivals used for the inverse model. Observed first-arrivals are in blue and 
predicted first-arrivals are in red. Vertical axis is two way travel time in seconds. 
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Figure 3.11. Map of the study area with the locations of compiled gravity measurements, shown as black 
dots. Red dots show locations of measurements taken for this study. Yellow box shows location of Figure 
3.2. Background shows topography with gridded gravity data superposed. Scale underneath map is in 
milliGals. Background map taken from GeoMapApp. 
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Figure 3.12. A) Map showing the variation in crustal thickness from Lowry & Perez-Gussinye (2011). 
Red line shows the modeled gravity section. Contours are every 2 km and bold contours every 10 km. 
The cross section is located at the transition from thicker crust of the Colorado Plateau and the thinner 
crust of the Basin and Range. B) 3-D model showing the compiled data used in the study (red dots) with 
the best-fit planar function. This plane was subsequently subtracted from the data. X values in the best fit 
equation are in longitude degrees and Y values are in latitude degrees. C) Plot showing gravity values 























































































Figure 3.13. A) Composite geologic cross-section through the study area from Walker (2008). Note that 
the section west of the East Mormon Mountains is drawn from the geology of the southern Mormon 
Mountains, hence the surface geology does not match that of part B of this figure. The section is 120 km 
long. No vertical exaggeration. This was the initial model used for forward gravity calculations. B) Final 
geologic cross-section obtained in this study using surface geology and the sub-surface constraints 
provided by the gravity models. The section is drawn along the section of Axen et al. (1990), shown in 
Figure 3.3. The section is 95 km long. No vertical exaggeration. Legend showing age correspondence of 
each color is shown underneath each section. Names above cross section are the sub-sections used when 
describing the gravity data. 
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Figure 3.14. Density models used for forward gravity calculations. A) Density distribution of model 
PM13. This model corresponds to the cross-section shown in the bottom panel of Figure 3.11. B) Density 
distribution for AX90 (the modified version has a tabular body underneath the Beaver Dam Mountains). 
This model corresponds to the cross-section shown in Figure 3.3. Densities are assigned by age of the 
rocks: Proterozoic (dark blue), 2.7 g/cc; Paleozoic (red), 2.6 g/cc; Mesozoic (green), 2.5 g/cc; Tertiary 
(orange), 2.2 g/cc; Quaternary (yellow), 1.95 g/cc. 
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Figure 3.15. Plot of the complete Bouger gravity anomaly along the profile of Axen et al. (1990; Figure 
3.3). Horizontal axis corresponds to longitude and vertical axis is milliGals. Shown are the gravity 
measurements located in a 5 km swath centered along the gravity section (blue diamonds), the gridded 
values calculated from these data (black dashed line), the gravity anomaly corresponding to the AX90 
model (green line), the modified AX90 model (red line) and the PM13 model (purple line). At the bottom, 
the residual of each model (the subtraction of the model from the gridded observed data) is plotted in a 
dashed line of the same color as the model line. The misfit for the AX90 model is greatest over the 
Meadow Valley, the Beaver Dam Mountains and the East Mormon Mountains. The misfit for PM13 is 
consistently lower than 5 mGals throughout the section. The extents of the sub-sections that are used to 
describe the data are shown above the plot. From west to east they are: MV, Meadow Valley; MM, 
Mormon Mountains; EM, East Mormon Mountains; TS, Tule Springs Hills; BW, Beaver Dam Wash; 










































































Line 4  Line 4A
183
 
Figure 3.16. A) Seismic reflection line 4-4A from Carpenter & Carpenter (1994). CDP points are marked 
above the line as are the location of the state boundaries. Vertical axis is two-way travel-time. Notice the 
dipping reflections that terminate just to the north of the Arizona-Utah state line. This is interpreted to be 
due to the presence of the basin-bounding Piedmont fault, marked by a dashed line. This is ~10 km to the 
SW of the inferred intersection of the Castle Cliff detachment and the seismic line, around CDP 1310. 
This CDP is located right at Castle Cliff, which gave its name to the detachment. The seismic line shows 
no evidence of a fault at this location. B) Map of the Nevada-Utah-Arizona tri-state area. Mountain ranges 
are shaded in gray. Dotted line represents the trace of the seismic line. State boundaries are dashed lines 
and state identification is underlined. Solid line is Interstate highway I-15 and cross-hatched area 
represents Mesquite, NV. The red lines represent high-angle normal faults: ET, East Tule Springs fault; 
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Figure 3.17. A) Aerial image of the Beaver Dam Wash (main ~N-S drainage in the center of the image). 
The white line shows the location of the topographic profile shown below. Note the widespread incision 
by channels of the landscape east of the Beaver Dam Wash. B) Topographic profile along white line. 
Average slopes shown for topography on west and east side of Beaver Dam Wash. The double-headed 
arrows in the topographic profile show the lengths used to calculate each slope. The topographic domains 
are separated by the Beaver Dam Wash. The length of the white line is 22.4 km. Abbreviations: TSH, 





Chapter 4: Exhumation of the Beaver Dam Mountains: Evidence for Pre-Cenozoic Uplift 
in the Colorado Plateau-Central Basin and Range Transition Zone 
 
Abstract 
Apatite and zircon fission track data obtained from the Beaver Dam Mountains were used to 
constrain its exhumation history. This range, cored by a broad anticline, has been interpreted to 
have been uplifted by isostatic footwall uplift which occurred in response to >20 km of extension 
that took place along the Castle Cliff detachment (Wernicke & Axen, 1988; Axen et al., 1990). 
Alternative models suggest a Cretaceous-Paleocene origin for this structure (Cook, 1960; Moore, 
1972; Hintze, 1986; Walker; 2008). This paper uses thermochronology to test this alternative 
view. The apatite fission track data collected in this and previous studies indicates that the 
Beaver Dam Mountains was in the apatite fission track partial annealing zone and cooled rapidly 
at ~25 - 20 Ma. This implies that the depth of the basal unconformity of the sedimentary section 
prior to extension was shallower than previously assumed, suggesting the existence of pre-
Miocene deformation in the Beaver Dam Mountains.  The spatial distribution of the ages, 
suggests that the Miocene exhumation is unrelated to the Castle Cliff detachment and rather 
associated to the Red Hollow fault, a high-angle normal fault which bounds the west side of the 
Beaver Dam Mountains.  
 
Pennsylvanian-Permian age zircon fission track data obtained in the same mountain range 
indicates that the structural history of this area is even more protracted than previously thought. 
These ages correlate with ages obtained in the Death Valley thrust system to the west as well as 
the Ancestral Rocky Mountains to the east.  Stratigraphic onlap of the basal Triassic section onto 
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the onto a structural high in the vicinity of what are now the Beaver Dam Mountains is indicative 
of the existence of a positive topographic feature at that time. The width of this feature, which is 
poorly constrained, is critical in understanding its origin. Some options include the presence of a 
Sonoman-age forebulge in the area (usually very subtle features with small angular 
unconformity), the presence of the Sonoman frontal thrusts, and uplifts accentuated by intraplate 
stresses.   
 
Our study shows that the assumption of no structural complexity prior to to Cenezoic extension, 
commonly used when palinspastically restoring this deformation event, is incorrect in this area. 
We propose that the basement culminations that straddle the Central Basin and Range – 
Colorado Plateau transition zone have similarly long exhumation histories, similar to that of the 
Beaver Dam Mountains. 
 
Introduction 
Exhumation of Proterozoic crystalline rocks in the Basin and Range Province in the western 
United Sates has been extensively studied using apatite fission track (AFT). This technique 
provides insight about the exhumation of rocks at the surface as it tracks when they cooled below 
apatite’s closure temperature (Tc; Dodson, 1973),~110 °C (Donelick et al., 2005).  Most of the 
AFT studies in the Basin and Range Province yield Miocene ages, implying that the final 
exhumation of these rocks occurred during regional extension (Fitzgerald et al., 1991, 2009; 
Quigley, 2010; Stockli, 1999; Swaney et al., 2010). Studies in the Colorado Plateau, further east, 
have instead yielded Late Cretaceous-Paleocene AFT ages, and have generally inferred to be 
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associated with exhumation during the Laramide orogeny (Dumitru et al., 1994; Kelley et al., 
2001; Lee, 2007).   
 
The earlier history of exhumation of these rocks, however, has not been well studied. Zircon 
thermochronometers such as fission tracks (ZFT) and the U-Th/He system have higher Tc values 
(~190°C and ~230°C, respectively; Reiners & Brandon, 2006) , making it possible to infer the 
exhumation history at midcrustal depths of rocks now exposed in outcrop. In many cases these 
rocks are assumed to have been brought up from these depths during late Cenozoic extension. 
This has lead to the assumption, that outside of the Sevier fold and thrust belt, all of the 
deformation in the Basin and Range is Miocene (or younger). A corollary to this is that large 
amounts of extension are then required to account for exhumation from mid-crustal depths. 
 
We address this issue here in a study of the exhumation history of the Beaver Dam Mountains of 
southwestern Utah using the AFT and ZFT techniques. We extensively sampled the Beaver Dam 
Mountains, where a a doubly-plunging anticline outcrops, and measured AFT and ZFT in an 
attempt to determine any relation between the present range geometry and exhumation ages. We 
compare our results to other studies in the region as well as to predictions based on structural 
reconstructions done there. Of great importance is a ZFT study from Gold Butte, in southern 
Nevada (Bernet, 2009), that presents an age distribution interpreted to be distinctive for the 
Miocene exhumation of that mountain range. The ZFT patterns obtained by us do not agree with 
the patterns described by Bernet (2009). This leads us to propose a model in which the Beaver 
Dam Mountains were partially exhumed as a result of crustal shortening in the Permian that can 





The western US preserves a thick wedge of sedimentary rocks that spans the Neoproterozoic to 
the Miocene and provides a record of the several tectonic events that have affected the Beaver 
Dam Mountains and Basin and Range in general. The basement is formed of crystalline rocks of 
Paleoproterozoic to Mesoproterozoic age (Karlstrom & Bowring, 1988). These rocks are 
overlain by a westward thickening passive-margin sequence that forms a sedimentary wedge of 
up to 10 km with rocks of Neoproterozoic to Silurian age west of the passive margin hinge zone 
(Figure 4.1; Stewart & Poole, 1974). The Late Devonian and Early Mississippian are 
characterized by the onset of convergent tectonism in the western US, the Antler orogeny, which 
caused the development of a flexural basin on the western edge of the continent (Figure 4.1; 
Blakey, 2008). The sediments of this age are up to 1-2 km thick. The Pennsylvanian through 
Early Permian tectonic setting is not well understood in the western US. There are no known 
tectonic events occurring during this time, however, the distribution of sediments of this age is 
variable with thicknesses >5 km occurring in successor basins (Blakey, 2008). During this time 
the Ancestral Rocky Mountains (ARM) were uplifted to the east in the Colorado Plateau and 
Rocky Mountains. (Figure 4.1; Van der Pluijm & Marshak, 2004; Blakey, 2008).  Observations 
show that ARM deformation is widespread, extending at least as far west as Utah and New 
Mexico, but deformation is not usually considered to extend into the Basin and Range (Figure 
4.1).   
 
During the late Permian and Early Triassic, the Sonoma orogeny affected the western edge of 
North America and is tectonically juxtaposed on the west side of the  Antler orogen (Speed, 
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1979; Ingersoll, 2008). During the Mesozoic the convergent tectonic setting continued (e.g., 
Nevadan, Sevier orogenies) and a sequence of continental clastic sediments were deposited 
during the Triassic and Jurassic. The continued convergence resulted in the development of a 
shallow sea, the Cretaceous Interior Seaway, in the foreland basin of the Sevier orogen 
(DeCelles, 2004). The final compressional tectonic event in the western US is considered to be 
the Laramide orogeny (Coney, 1978), which consisted of large, basement-involved thrust-cored 
uplifts and was thought to be a result of the transition from a steep-dipping subducting plate to a 
flat-slab subduction setting (Dickinson & Snyder, 1978).  This event is thought to occur in the 
latest Cretaceous and into the Paleocene (Dickinson & Snyder, 1978).  
 
In the Cenozic, the western US underwent extension in a diachronous pattern (Armstrong & 
Ward, 1991). This extension created the physiographic Basin and Range Province, which is 
located between the comparatively undeformed Colorado Plateau and the Sierra Nevada (Figure 
4.1), to the east and west respectively (Eaton, 1982). In the Beaver Dam Mountains-Mormon 
Mountains transect (Figure 4.2), extension took place  in middle Miocene time, beginning in 
most areas at ~16 Ma and ending by ~9 Ma, with peak extension occurring ~16 Ma – 14 Ma 
(Wernicke 1992; Snow & Wernicke , 2000; Faulds et al., 2001), although there is evidence of 
limited extension continuing into the Holocene (Dohrenwend et al., 1991).   
 
The Beaver Dam Mountains 
The Beaver Dam Mountains are the northern extension of the Virgin Mountains of northwestern 
Arizona (Figure 4.2). Together they form an arcuate range delineating the eastern edge of the 
Basin and Range Province, adjacent to the Colorado Plateau. The range is formed by rocks that 
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span in age from the Proterozoic to the Jurassic (Figure 4.3) although locally some Cretaceous 
sediments are preserved to the north. Structurally, the range forms a large doubly-plunging 
anticline that is truncated by the range-bounding normal fault on the west flank. The anticline 
folds the whole section up to the Jurassic. The age and nature of the fold is not well defined and 
has been suggested to be of Late Cretaceous-Paleocene age, formed due to crustal shortening 
associated with the Sevier-Laramide orogeny (Cook, 1960; Moore, 1972; Hintze, 1986) or 
Miocene in age and formed due to isostatic rebound of the footwall of the Castle Cliff 
detachment (Wernicke & Axen, 1988).  
 
The exhumation history of this range has been previously studied using AFT (O’Sullivan et al., 
1994; Stockli, 1999). These studies showed that samples from the basal sandstone section, the 
Tapeats Sandstone, and the crystalline basement rocks have Miocene exhumation ages (~15 – 23 
Ma, Tables 4.1 & 4.2). The sample locations can be seen in Figure 4.3. Samples taken in the 
Permian and Triassic section on the eastern flank of the range were considered to delimit the 
apatite partial-annealing zone. From these Stockli (1999) proposed that there had been a 
maximum of 3 km of overburden on the Jurassic section (assuming ~25 °C/km geothermal 
gradient and ~10°C surface temperature; Stockli, 1999).  
 
Fission Track Thermochronology 
Fission track (FT) analysis is a technique widely used in the geologic community for 
reconstructing the low-temperature thermal history of rocks over geological time. The FT 
method is based on the accumulation of narrow damage trails, called fission tracks, in uranium-
rich mineral grains (in our case, we will use apatite and zircon; Tagami & O’Sullivan, 2005). 
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These form due to spontaneous nuclear fission decay of 
238
U in nature (Fleischer et al., 1975). 
The time that has passed since the start of fission track accumulation is estimated by determining 
the density of accumulated tracks in a material in the context of its U content (Tagami & 
O’Sullivan, 2005). If the host rock or mineral is subjected to elevated temperatures, fission tracks 
that have formed up to then are progressively shortened and eventually erased by annealing of 
the crystal structure (Fleischer et al. 1975). This process is controlled by chemical diffusion so 
that the reduction in FT length is a function of both heating time and temperature. In between the 
annealing and preservation modes of the fission tracks there is a transition zone called the 
“partial-annealing zone” (PAZ) in which track creation and annealing rates are comparable. This 
results in shorter tracks which are less likely to intersect the etching process thus yielding lower 
track density and artificially younger age estimates. Track-length measurements are usually used 
to delineate this zone. An important characteristic of this tool is that fission tracks are annealed at 
different temperature intervals for different minerals. This allows the construction of time-
temperature paths of a rock sample by using different minerals in it. With a cooling rate between 
1°C and 10°C per million years, a closure temperature of 100-120°C is estimated for AFT ages 
and 210-230°C for ZFT ages (Reiners & Brandon, 2006).  
 
Regional Thermochronologic Studies 
Thermochronological studies in the foreland of the Sevier orogen of the SW United States, 
mostly using the AFT technique, have revealed mid-Miocene ages at nearly all locations studied 
(Fitzgerald et al., 1992, 2009; Stockli, 1999; Lee, 2007; Quigley et al., 2010). Gold Butte (GB in 
Figure 4.2), a tilted fault block of Proterozoic gneiss and granite located immediately west of the 
Colorado Plateau in southern Nevada, has been studied extensively (Fitzgerald et al., 1991, 2009; 
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Fryxell et al., 1992; Reiners et al., 2000, 2002; Karlstrom et al., 2010). Most AFT ages cluster 
between 20 Ma and 14 Ma (Fitzgerald et al., 1991, 2009). Within the dataset, however, are ages 
as old as 58-51 Ma within a few kilometers of the basal Cambrian unconformity on the east side 
of the range, and 77 Ma on the originally deeper west side. Apatite (U-Th)/He ages are younger, 
varying from 18-11 Ma, with a strong clustering around 14 Ma (Reiners et al., 2000, 2002). 
Zircon fission track (ZFT) ages decrease down-section from 130 Ma to 20 Ma, where they 
cluster (Bernet, 2009). Zircon (U-Th)/He ages at Gold Butte range from 163-17 Ma with no 
discernible clustering. Overall, all the thermochronometers are interpreted as preserving a record 
of slow erosional exhumation followed by an abrupt increase in the cooling rate at ~17-20 Ma, 
which is interpreted as the age of the onset of extension (Bernet, 2009).  
 
Miocene ages are also observed in other locations of the central Basin and Range. AFT ages 
from the uppermost basement and Cambrian sandstones in the Mormon Mountains yield 
Miocene ages (MM in Figure 4.2; Walker, 2008). AFT ages for all but one sample range from 
21-14 Ma in the Virgin Mountains, White Hills and Lost Basin Range (VM, WH and LR in 
Figure 4.2; Fitzgerald et al., 2009; Swaney et al., 2010). An age of 127 Ma yielded by a single 
sample from the Lost Basin Range suggests Cretaceous exhumation of part of that block. Garnet 
Mountain also yielded Cretaceous ages (110-65 Ma; Fitzgerald et al., 2009; GM in Figure 4.2). 
Samples from the McCullough Mountains (MC in Figure 4.2) yielded AFT ages of 54-73 Ma 
(Herrington, 2000). These ages are thought to reflect exhumation related to the Kingman Arch, a 
Cretaceous-Paleocene age basement-cored uplift (Luccitta, 1966). This is consistent with surface 
geology that shows paleovalleys incised into crystalline rocks in the Hualapai Mountains  (HM 
in Figure 4.2) and partially filled by the Peach Springs Tuff (~18.5 Ma; Nielson et al., 1990), 
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evidence that the Kingman Arch was completely denuded of its sedimentary cover prior to the 
onset of extension (Young, 1979;Young & Brennan, 1974; Faulds & Beard, 2010). Several 
monoclines within the Colorado Plateau of northern Arizona and southern Utah are thought to 
represent late Cretaceous fault-propagation folding ahead of the blind tips of reverse faults at 
depth (Marshak et al., 2000; Cather, 2004; Davis and Bump, 2008). It is not known whether 
these structures are isolated faults or whether they are perhaps related to flat-ramp systems, 
although an inverted normal-fault origin has been ascribed to them (Marshak et al., 2000). 
Stratigraphic evidence consisting of growth faults and synorogenic strata at the Kaibab Uplift 
(KU in Figure 4.2) is consistent with the onset of folding in the Late Cretaceous (80 – 76 Ma; 
Tindall et al., 2010). This is broadly consistent with obtained ages that range from 60-30 Ma for 
AFT, and from 80-10 Ma for apatite (U-Th)/He (Lee, 2007). These data have been interpreted to 
indicate Laramide exhumation at ~60 Ma (Lee, 2007).  The Kingman Arch and the various 
Colorado Plateau monoclines are located south-west and east respectively of the Beaver Dam 
Mountains. All of this leads us to explore the possibility of pre-Cenozoic deformation in the 
Beaver Dam Mountains.  
 
Sampling and Data Acquisition 
We collected samples representative of a broader area of the Beaver Dam Mountains, focusing in 
particular on the Beaver Dam anticline, to obtain a spatially comprehensive dataset (red dots in 
Figure 4.3 show collected samples and Tables 4.1 & 4.2 show samples that were analyzed). Our 
strategy was to complement the existing datasets of Stockli (1999) and O’Sullivan et al. (1994). 
The O’Sullivan  et al. (1994) study was limited to two samples in the Tapeats Sandstone and 
Stockli (1999) sampled one dip transect across the Beaver Dam Mountains (yellow dots in 
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Figure 4.3; Tables 4.1 & 4.2).  The sampling was focused on the basement rocks, the Cambrian 
Tapeats Sandstone and the Permian Quantoweap Sandstone. The rest of the section consists of 
carbonate rocks, in which zircon and apatite are mostly absent. The sampling therefore is more 
complete at the Proterozoic-Cambrian level than it is in younger strata.  Not all the samples were 
analyzed and some that were processed for mineral separation did not yield sufficient mineral 
grains.  The mineral separation steps are described in Appendix A. 
 
All the data were obtained by Stuart Thomson at the Fission Track Laboratory of the University 
of Arizona. Apatite grains are mounted in epoxy resin, alumina and diamond polished, and 
spontaneous fission tracks revealed by etching with 5.5M HNO3 at 20°C for 20 seconds. Zircon 
grains are mounted in PFA Teflon, diamond polished, and etched in an oven at ca. 220°C using a 
KOH-NaOH eutectic melt (Gleadow et al., 1976) in a zirconium crucible for 3 to 70+ hours. The 
optimum etch time depends on age and radiation damage, and is monitored by repeated etching 
and observation at 3-6 hour time intervals. Samples are analyzed by applying the external 
detector method (Gleadow, 1981) using very low uranium, annealed muscovite mica detectors, 
and irradiated at the Oregon State University Triga Reactor, Corvallis, USA. The neutron fluence 
is monitored using European Institute for Reference Materials and Measurements (IRMM) 
uranium-dosed glasses IRMM 540R for apatite and IRMM 541 for zircon. After irradiation 
induced tracks in the mica external detectors are revealed by etching with 40-48% HF for 18 
minutes. Spontaneous and induced FT densities are counted using an Olympus BX61 microscope 
at 1250x magnification with automated Kinetek Stage system. Apatite FT lengths and Dpar 
(average maximum diameter of the track etch pits parallel to the c-axis) values are measured 
using an attached drawing tube and digitizing tablet, supplied by Trevor Dumitru of Stanford 
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University, calibrated against a stage micrometer. Central ages (Galbraith and Laslett, 1993), 
quoted with 1σ errors, are calculated using the IUGS recommended Zeta-calibration approach of 
Hurford and Green (1983). Where spontaneous track counts are low (<5), a binomial age with 
95% confidence limits (see Brandon, 1992; Galbraith, 2005) is applied. Current apatite and 
zircon IRMM 540R and IRMM541 zeta calibration factors of 368.1±14.9 and 121.3±2.6 
respectively, have been obtained by repeated calibration against a number of internationally 
agreed age standards including Durango and Fish Canyon Tuff apatite, and Fish Canyon Tuff 
and Buluk zircon, according to the recommendations of Hurford (1990). 
 
Cooling ages from Beaver Dam Mountains 
Surprisingly, the ZFT data yields ages between 260 – 300 Ma (Table 4.4). These ages were 
unexpected and hey coincide with the timing of uplift of the Ancestral Rocky Mountains as well 
as thrusting in the Death Valley region, which suggests that there was a period of exhumation in 
this area possibly related to these tectonic events. No track lengths were measured. The full 
dataset can be seen in Table 4.4.  
 
The spatial distribution and track length distribution of the AFT data allow us to make new 
inferences about the Miocene exhumation process. Our AFT data yields mostly Miocene ages 
(Table 4.2), broadly consistent with the previous studies and consistent with Miocene cooling. 
Some of our ages are older than those obtained by Stockli (~16 Ma), but they are mostly 
bracketed by the two ages obtained by O’Sullivan et al. (~15 Ma and ~23 Ma). There is one data 
point that is an outlier and yields a late Eocene-early Oligocene age, although this may be a 
partially annealed sample. The density of confined tracks is very low in our samples making 
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track length measurements possible for only one sample (Table 4.2). The full dataset can be seen 
in Table 4.2.  
 
Apatite Fission Track Analysis 
The interpretation of the AFT cooling ages as the onset of Cenozoic extension would suggest 
then that the initiation of this event was earlier than previously thought (16 Ma; Stockli, 1999), at 
the earliest Miocene (~20 Ma). This is consistent with AFT dates obtained in other locations 
(Stockli, 1999; Fitzgerald et al., 1991, 2009; Quigley, 2010; Swaney et al., 2010), as well as the 
ZFT ages from Gold Butte (Bernet, 2009). Alternatively, these older dates may reflect samples 
from the PAZ. In order to test this we need track length information. We combined the one 
sample for which we have this information with the samples measured by Stockli (1999) and 
O'Sullivan et al. (1994). When all these samples are plotted as average track length vs age 
(Figure 4.4), the crystalline basement and the overlying Tapeats Sandstone approximate a pattern 
usually called a "boomerang plot" (Figure 4.5; Brown et al., 1994; Gallagher & Brown, 1997). 
This pattern is considered to be characteristic of a simple thermal history in which samples from 
different depths, or different paleotemperatures from the pre-existing crustal structure, have been 
exhumed in one step (Green, 1986; Gallagher & Brown, 1997). This pattern also suggests that 
the samples are part of an exhumed PAZ (Gallagher et al., 1998).  
 
The plotted ages, however, are younger than the real ages, because the track lengths are shorter 
than 16 μm (the length of the tracks when they form; Gleadow et al., 1986). A correction can be 
applied to the calculated ages to account for this discrepancy (Crowley et al., 1989). This is done 
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by combining the age equation for fission tracks with the ideal relation between track length and 
track density: 
   t = (1/λd) ln [ 1 + ρs*λd*Φ*σ*I*g / ρi*λf]   (eq. 1)    
and      
     ρ = L * ρv / 2    (eq. 2) 
where t= age, λd= alpha-decay constant of 
238
U, λf= spontaneous-fission decay constant of 
238
U, 
ρs = spontaneous track density, ρi = induced track density, ρv = volumetric track density; L= track 
length, Φ= thermal neutron fluence, σ=thermal neutron fission cross-section for 
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U,  and g= geometric factor. If no loss of fission tracks from the mineral volume is 
assumed, that is that tracks are shortened but not completely annealed, then the corrected age is 
defined as  
   t= 1/λ ln [ 1 + Lo*ρs*λd*Φ*σ*I*g / Ls*ρi*λf]  (eq. 3) 
where Lo is the initial length of the tracks and Ls is the measured average track length (Crowley 
et al., 1989). This can be simplified by using a corrected  ρs to calculate the age of the sample, 
defined as: 
     ρs_corrected = ρs * Lo/Ls    (eq. 4) 
Alternatively, the correction can be done in the following manner (M. Steckler, pers. comm., 
2013):  
         tcorrected = (Lo/Ls )* tmeasured    (eq. 5) 
The ages of the samples from Stockli (1999), O'Sullivan et al. (1994) and this study were all 
recalculated, hereafter referred to as the “corrected” ages, using both methods (Table 4.3). Both 
methods yield approximately the same age as the difference between them was 0.01-0.1 Myr for 
all samples. We recalculated the ages of all the samples using HeFTy. For the samples from 
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Stockli (1999), these recalculated ages were not always equal to those reported. When this 
discrepancy occurred, the ages provided by Stockli (1999) were used. All the calculated ages can 
be found in Table 4.3.  
 
When these corrected ages are plotted in age vs track length space, a cleaner "boomerang" plot 
emerges (Figure 4.4, 4.5). The variations in temperature required to produce this pattern are not 
large (Gallgher & Brown, 1997). Figure 4.6 shows theoretical age vs mean track length plots 
constructed by Gallagher & Brown (1997) using the method outlined in Laslett et al. (1987). The 
thermal history of the "samples" used in Gallagher & Brown’s model is also shown in Figure 4.6. 
The amplitude of the "boomerang" decreases as the exhumation age increases, and temperature 
variations on the order of 10°C - 20°C can cause large variations in the observed age of the 
samples.  
 
Even though the boundary conditions for the Gallagher & Brown (1997) model are not the same 
as the presumed cooling conditions at Beaver Dam Mountains, a comparison between the two 
can provide some constraints. When we compare our data to the theoretical curves, we observe 
that the pattern formed by the data is very similar to, but offset from the theoretical curves. We 
can adjust our data by either assuming 1) that 26.6 Ma is 0.9 times the real maximum age, rather 
than the maximum age itself, shifting the curve to the left; or 2) that the maximum track length is 
15 μm rather than the 16 μm used in the theoretical model, shifting the curve up (Figure 4.6). In 
both cases the observed data curve falls between the theoretical curves for “hold times” (i.e. the 
time that the samples remained in the PAZ) of 40 Myr and 60 Myr, and exhumation ages of 60 
Ma and 40 Ma, respectively (Figure 4.6). Once the curves overlap, we can estimate the 
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paleotemperatures of our samples from the Beaver Dam Mountains. The plot suggests that the 
maximum paleotemperature reached by these samples was between 90 and 110 °C (Figure 4.6). 
This corresponds to a paleodepth of 4-5 km (assuming a geothermal gradient of 20-25°C/km), 
less than that inferred from the restored cross-section of Axen et al. (1990; 7-8 km). This amount 
of exhumation is consistent with the structural cross-section shown in Figure 2.11 of this 
dissertation. This cross section assumes ~5 km of offset along the range-bounding Red Hollow 
fault. 
 
Another key observation is that there is no systematic distinction between paleotemperatures of 
samples of the Tapeats Sandstone and the underlying basement, as would be expected if the 
sedimentary strata and isotherms were flat-lying prior to exhumation. If the isotherms had been 
flat, the samples that plot to the right side of the "boomerang" should correspond to the Tapeats 
Sandstone, while those corresponding to the basement should plot on the left side. This is not 
observed, suggesting that the pre-exhumation geometry of the Beaver Dam Mountains was not 
flat-lying.  The apparent complexity of the isotherms at the time of exhumation along with the 
relatively low paleo-temperatures is consistent with the existence of pre-Miocene structure in the 
Beaver Dam Mountains.  
 
When we combine this with the corrected ages of the samples taken in the Permian and 
Mesozoic strata, we can make further inferences about the structural history of the Beaver Dam 
Mountains. The sample from the Quantoweap Sandstone yields a corrected AFT age of 62±4.5 
Ma. This age is consistent with field relations that imply thrusting and folding in the range post-
dating the Jurassic, as strata of this age show no evidence of syn-tectonic deposition (Hintze, 
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1986).  Cook (1960) and Hintze  (1986) proposed a Laramide age for the thrusting, also 
consistent with this corrected age.  This age overlaps with exhumation ages from the Kaibab 
monocline (~60 Ma; Lee, 2007) and the Kingman Arch (~70 Ma; Herrington, 2000), east and 
west of the Beaver Dam Mountains respectively. O’Sullivan et al. (1994) also suggests a cooling 
event in the Cretaceous-Paleocene based on thermal modeling of track lengths.    
 
The sample taken from the Triassic Shnabkaib Member of the Moenkopi Formation yields a 
corrected AFT age of ~182±10 Ma, younger than the depositional age of the strata, ~240 Ma 
(Marzolf, 1994), suggesting that sample was thermally reset after deposition and slowly cooled 
afterwards. The Triassic Shinarump Member of the Chinle Formation yields a corrected AFT age 
of ~224±10 Ma, overlapping within error with the depositional age of the strata, ~230 Ma (Riggs 
et al., 2013). Given the absence of a mechanism in the Triassic to have buried the sample 
sufficiently to reach temperatures in excess of 110°C and then exhumed in the span of a few 
million years, we consider the corrected AFT age as an inherited age from the sediment source.  
This is more evident in the sample taken from Jurassic Kayenta Formation. The sample has a 
corrected AFT age of ~230±10 Ma that is older than the depositional age of this strata, ~185 Ma 
(Peterson & Pipiringos, 1979). The corrected ages of the latter two samples overlap with each 
other within error. If the ages calculated using HeFTy are considered (Table 4.3), the age of the 
sample from the Chinle Formation is older than that of the sample from the Kayenta Formation. 
This would be consistent with the source exhumation ages forming a two-layer unroofing 
sequence. These apparently enigmatic ages, however, are in broad agreement with the 




We use the spatial variation in our data to investigate the association between faulting and 
exhumation. Thermal modeling predicts a systematic signature in which ages young towards 
range-bounding faults (Ehlers, 2003), a pattern that has been documented at other major faults in 
the Basin and Range Province (Foster and Raza, 2002; Armstrong et al., 2003). This happens 
because the amount of footwall uplift, and exhumation, is greatest adjacent to the fault (Vening 
Meinesz, 1950). This uplift produces an increase in surface slope close to the fault that results in 
enhanced erosion (van Beek et al, 2008) and the exposure of originally more deeply buried rocks 
and a younging of AFT ages. This produces an exhumation maximum that is represented as 
younger AFT ages. Figure 4.7 shows plots of age vs distance measured orthogonal to the fault. 
This was done for the Castle Cliff detachment and the Red Hollow fault. We assume the basal 
unconformity as a proxy for the trace of the Castle Cliff detachment, as the actual outcrops of the 
fault are sinuous and sparse (Figure 4.3). There is no relationship between the distance from the 
Castle Cliff detachment and the ages of the samples . There is, however, a relationship between 
the distance to the Red Hollow fault and age. This suggests that the Red Hollow fault is the main 
range-bounding structure. Although the spatial distribution of our data is limited to within ~10 
km of the fault, the trend is statistically significant (Table 4.5).  For all the plots we have 
calculated the statistical signifance of the linear trends using F-test statistics. This was done with 
and without the Oligocene age data point. Removing this datum increases the statistical 
significance of the observed trends. The effect of this can be seen in Table 4.5. The outlier is 
sample RA12-4 with an age of 34.5±4.5 Ma. We suspect that this sample is also located in the 
PAZ, but no track length data are available to test that interpretation. Variations in the chemical 
composition of the apatite grains for this sample may account for this variation. The sample may 
also have been down-dropped due to faulting. This would not require a large displacement, as we 
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have shown before that small temperature variations within the PAZ can produce large 
discrepancies in the observed age of the sample.  
 
Another prediction tested by our data is that if the fault exhumes previously flat-lying 
stratigraphy past the AFT closure temperature, then the AFT ages should increase monotonically 
up-section (Stockli, 2005). The Tapeats Sandstone and underlying basement represent ~4 km 
vertically if we assume that the basement is tilted about the same as the overlying sedimentary 
rocks (~30° to the east).  We consider depth beneath basal unconformity as a proxy for 
stratigraphic position of the basement rocks. The plots in Figure 4.7 show that there is no relation 
between stratigraphic position and age. This is consistent with our interpretation of the age vs 
track length plots. The plots of depth vs age and distance to the Castle Cliff detachment vs age 
are very similar as those variables (as we have defined them) are not independent from each 
other.  
 
Constraints on pre-Cenozoic structure of the Beaver Dam Mountains from AFT 
These correlations lead us to hypothesize that the first-order control on the observed AFT ages is 
the distance from the Red Hollow fault. However, the complexities in the age distribution 
suggest that there was enough pre-Miocene structure in the Beaver Dam Mountains to alter the 
thermal structure there. The structural relief between the basement rocks exposed at the core of 
the Beaver Dam anticline and the basement rocks buried underneath the Shivwits syncline, 
located just to the east of the Beaver Dam Mountains (Figure 4.3), is ~ 4 km (Hintze, 1986). We 
modeled the flexural response of the footwall to exhumation along the Red Hollow fault, and 
results suggest that 0.7 km of this relief can be attributed to footwall uplift. The flexural uplift 
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was calculated using the flexural cantilever model (Kusznir et al., 1991) for 3 km of horizontal 
extension on a fault with an initial dip of 60° in a lithosphere with a 30 km thick crust, 15 km 
deep brittle-ductile transition and an elastic thickness of 10 km (Lowry and Perez-Gussinye, 
2011).  This would imply that ~3.3 km of structural relief existed between the Beaver Dam 
anticline and the Shivwits syncline prior to Miocene extension.   
 
To assess whether there is any relationship between the anticline and the AFT-ages we plotted 
distance to the fold axis vs age (Figure 4.7). We define the along-axis length of the structure as 
the structural closure at the plunging ends of the anticline in the Permian-age Kaibab Limestone, 
and the hinge will be assumed to be a straight line between them (Figure 4.3).  This plot showed 
that samples are older the closer they to the fold hinge. We also removed the uplift induced by 
flexure (as calculated before) from the present elevation and plotted this value vs age. It should 
be noted that the elevation-flexure parameter plotted here is not an independent variable as it is 
correlated to the distance from the Red Hollow fault parameter. This plot, however, has the most 
statistically robust trend of all (Table 4.5).  This suggests a positive correlation between pre-
extension elevation and age. This contrasts with the complete lack of correlation between current 
elevation and age.   
 
To explore the thermal effects of folding we must assume a 2-D fold geometry. The geometry of 
a fold, and its structural relief, depends on the distribution of slip on the underlying thrust, which 
is unknown. As a first order approximation we assume that the maximum relief is somewhere in 
the middle third of the fold. This is approximately the extent of the basement exposure. Given 
the time elapsed between the proposed folding (Cretaceous-Paleocene) and the onset of 
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extension (Miocene), we assume that the geotherms had conductively re-equilibrated at depth 
after any possible advective disruption during deformation. We also assume that erosion did not 
completely bevel the topography caused by the fold. This topography would disrupt the 
geotherms, making them non-horizontal. The depth to which this affects the sub-surface is called 
the skin-effect and usually is more or less equal to the wavelength of the disturbance (Braun et 
al., 2006). We show a 2-D steady-state conductive analytical model of sinusoidal topography 
with 2 km amplitude and 20 km wavelength (the approximate width of the fold; Figure 4.8). At 
the approximate depth of the AFT PAZ, the model predicts undulations in the geotherms with an 
amplitude of 0.5 - 1 km with variations in temperature of 5°C-10°C over horizontal distances of 
5 km (Figure 4.8). This undulating thermal structure would have a more complicated three-
dimensional geometry under the Beaver Dam Mountains, contributing to the complexity in the 
data.  
 
The exhumation paths of the samples are poorly constrained. To track-length data from sample 
RA12-13 was used to address this. The average length and standard deviation (13.66 ± 0.66 µm 
and 1.67 µm respectively) suggest that the sample was neither cooled quickly from the complete 
annealing zone nor did it have a protracted residency in the PAZ (Donelick et al., 2005).  The 
low density of tracks only allowed for only 10 measurements to be made, far less than the 100 
tracks recommended to obtain a statistically robust track-length distribution (Ketcham, 2005). 
Nonetheless we modeled the thermal history of the data in an attempt to gain first order insights 
into the thermal history of the sample. HeFTy (Ketcham, 2005) was used to do inverse models of 
the track distribution (Figure 4.9). The program uses the Monte Carlo method to calculate the 
track-length distribution for thousands of exhumation paths and compare them to the data. A 
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goodness-of-fit (GOF) value is calculated for each iteration. If the GOF>0.05, then the model is 
deemed “Acceptable”; if the GOF>0.5, then the model is deemed “Good”.  This must occur for 
both the model age and the model track distribution. The model requires some broad constraints 
in order to seed its random iterations, of which 10000 are run. Small differences in the initial 
constraints can change the resulting best-fit model. Several inversions were run with varying 
initial constraints and the results uniformly showed rapid exhumation initiating at ~ 25 Ma 
(which overlaps with the corrected age for this sample, 26±2.8 Ma). Figure 4.9 shows three 
examples where the constraints are minimally changed between runs. The oldest preserved tracks 
in these models are between 23.8 - 25.6 Ma. This means that they provide no constraint on 
earlier cooling paths. This is shown by variation in the pre-25 Ma cooling paths between runs. It 
is important, however, that they all consistently show fast exhumation between ~25 Ma and ~15 
Ma and slow cooling thereafter.  
 
Zircon Fission Track Analysis 
Our ZFT data (Table 4.4) suggests that a previously unrecognized exhumation event took place 
in the late Permian-early Triassic in the Beaver Dam Mountains. Here we compare our dataset to 
the structural model of Axen et al. (1990) and our own alternative model. In the model of Axen 
et al. (1990), the rocks that are currently outcropping have been exhumed from depths of up to 
10.5 km during Miocene extension (Figure 4.10). Assuming a regional geotherm of 25°C/km, 
and an average surface temperature of 10°C, the rocks would have been at a temperature of 
270°C prior to Miocene faulting. This temperature is higher than the Tc for the ZFT system (210 
°C and 230 °C at a cooling rates of 1 °C/Myr and 10 °C/Myr respectively; Reiners & Brandon, 
2006). If the geothermal gradient is lower, 20°C/km, then the depth of the Tc isotherm will be 
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deeper than the exposed rocks. Here we use a geotherm of 25 °C/km as determined by Stockli 
(1999). This would imply that, if this structural configuration is correct, our ZFT data should 
yield Miocene ages as is observed in Gold Butte (Bernet, 2009). This pattern is not found in our 
dataset. Instead, the basement rocks show ages between 240 Ma and 325 Ma. Samples from the 
Tapeats Sandstone had scattered ages that were all younger than the depositional age of the 
formation. We interpret this as a partially reset detrital signal, that suggests that these samples 
were residing in the PAZ of the ZFT system. The ZFT ages in the basement rocks show a 
younging trend upsection towards the basal unconformity (Table 4.4).  
 
The ZFT ages obtained partially overlap with those from one of the classic ARM structures, the 
Uncompahgre uplift in western Colorado (280-309 Ma; Figure 4.11; Thomson et al., 2012), 
generally thought to be representative of this period of tectonism (Blakey, 2008; Kluth, 1986). 
These ages, could represent the westernmost evidence of ARM tectonism in the western US and 
may be related to the Piute Uplift (Figure 4.11; Mallory, 1972). To the west of the Beaver Dam 
Mountains two carbonate platforms (The Ely and Bird Spring basins) acted as depocenters for 
Pennsylvanian-Permian sedimentation (Stevens & Stone, 2007; Figure 4.11), suggesting that any 
uplift in the Beaver Dam Mountains did not propagate further west.  
 
Previous ZFT studies from the Death Valley region also show Permian ages. Samples analyzed 
by Ferrill et al. (2012) from the Bare Mountain area in southwestern Nevada (BM in Figure 4.2) 
yielded a mix of ages that range from Proterozoic to Permian. The Proterozoic age was obtained 
from the Ordovician Eureka Quartzite which indicates that the sample was never hot enough to 
reset the detrital ZFT signal. Samples from the Cambrian Zabriskie Quartzite fall in two groups, 
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one with ages of 409, 458 and 463 Ma and another with ages of 275 and 297 Ma. The older 
samples, found in the southern part of the Bare Mountain Range, seem to be part of the footwall 
of a thrust system. The samples with Permian ages were sampled from thrust klippes in the 
northern Bare Mountain Range. The ZFT ages from these hanging-wall samples overlap with the 
inferred age of the Sierra Nevada-Death Valley thrust system (Wolcampian, 280-299 Ma; Snow, 
1992; Steven & Stone, 2005). These results suggest that the thrusting in the Bare Mountain 
region was part of this system. The Cambrian Wood Canyon Quartzite (which stratigraphically 
underlies the Zabriskie Quartzite, dated at 458 Ma at the same locality) yielded a ZFT age of 350 
Ma. This is the age of initiation of the Antler orogeny (Roberts et al., 1958; Burchfiel and Davis, 
1972), which may indicate incipient exhumation in this region due to this tectonic event.  Even 
though the western US is generally considered to be more or less tectonically quiescent between 
the Antler and Sonoman orogenies (Blakey, 2008; Ingersoll, 2008), there is mounting evidence 
of tectonic activity during this time. The Sierra Nevada-Death Valley thrust system in California, 
which has been traditionally considered Late Permian in age (Snow, 1992), has been 
reinterpreted to be coeval with ARM deformation (Stevens & Stone, 2005). Recent studies in 
northern Nevada (Trexler et al., 2004; Cashman et al., 2011) have also demonstrated that 
deformation traditionally ascribed to the older Antler orogeny is actually Pennsylvanian-Permian 
in age.  
 
Marzolf (1994) documented onlap of the Moenkopi Formation (base of the Triassic section) onto 
the Permian-aged Kaibab surface of the Beaver Dam Mountains from the east and west (Figure 
4.11). This onlap was expressed as limestone and chert conglomerates reworked from the 
underlying sediments which fill valleys eroded into the Kaibab Limestone. This led him to 
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propose the existence of a narrow topographic high along the southwestern margin of the 
Colorado Plateau, the Beaver Dam-Medicine Mountains highlands. Marzolf (1994) proposed that 
this high represented the frontal thrust of the Sonoma orogeny. The present location of the 
Golconda thrust though, is far to the west (~300 km) of the Beaver Dam Mountains in northern 
Nevada. Marzolf restores this thrust system to a Triassic position just to the west of the Beaver 
Dam Mountains in two steps: first he uses stratigraphic facies relations between submarine fan 
deposits and shelf-slope break facies to argue for an alignment of the western end of the Mina 
deflection of the Golconda thrust with the Inyo Mountains. This, in turn aligns the Golconda 
system with the Death Valley thrust system as expressed by the Last Chance thrust. The Inyo 
Mountains are then restored to their Triassic position with respect to the Colorado Plateau, along 
with the Golconda-Death Valley thrust system, which ultimately places the Golconda thrust 
system approximately at the Utah-Nevada state line (~250 km east of its present location). The 
southern extension of this system, the Death Valley thrust system would be responsible for the 
Beaver Dam Mountains high in this model. A blind frontal thrust in this system would have 
produced the uplift.  
 
Crystalline basement clasts found in megabreccias of the Thumb Member of the Horse Spring 
Formation in Frenchman Mountain, Nevada have Pennsylvanian-Permian ZFT ages (Chapter 1 
of this thesis). These breccias are thought to record the onset of extension in the region (Beard, 
1996) which suggests that the sampled crystalline rocks were close to the surface at the onset of 
extension. Their source is not well constrained but was probably located in the vicinity of Gold 
Butte (Figure 4.2). In the palinspastic restoration of Marzolf (1994), the southern continuation of 
the Beaver Dam Mountains high would coincide with Gold Butte and may explain the ages 
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obtained in the megabreccia deposits (which are not observed in the current erosional level of 
Gold Butte; Bernet, 2009). The caveat is that this palinspastic model is based only on 
stratigraphic facies markers, which necessarily assumes a simple original configuration of facies 
that may or may not be realistic. Additionally, the amount of extension required, ~250 km, is 
much larger than most estimates for the region. 
 
An alternative to this interpretation would be to consider the Beaver Dam Mountain high as a 
forebulge produced in response to the load imposed by the Golconda thrust system (Watts, 
2001). This configuration is currently seen in the Pampas of Argentina where a forebulge of 
~200 m amplitude is located ~250 km to the east of southern Andes (Niviere et al., 2013). There, 
the forebulge surface is being actively eroded and sediments are accumulating on both sides of 
the uplift in the foredeep and back-bulge areas. The wavelength of this feature is ~100 km, wider 
than that of the inferred Beaver Dam high, and the small amount of uplift may not be enough to 
set the ZFT ages. The lateral extent of a flexural forebulge would be equal to that of the fold and 
thrust belt, making a regional feature, contrary to what is observed in the Beaver Dam 
Mountains.  
 
Another alternative hypothesis is that Mississippian-Permian deformation occurred far to the 
west of the Beaver Dam Mountains and that this location was more akin to a ramp setting. The 
accentuation of flexural highs and lows due to intraplate stresses has been invoked as a possible 
cause for non-rifting related uplifts (Cloetingh et al., 1989), as well as a mechanism for 
subsidence in the ARM’s (Soreghan et al., 2012). The proposed Antler-Sonoma convergence 
system to the west, as well as the Ouachita convergence to the southeast could have provided 
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these intraplate stresses. Another mechanism could be dynamic topography. Flowers et al. (2012) 
have used low temperature thermochronometers to show that the Canadian Shield experienced 
significant burial during the Early Paleozoic (up to 5.8 km of sediments in places), followed by 
denudation during the Late Paleozoic and Early Mesozoic. These vertical movements, however, 
take place on a wavelength that is much greater than the ones inferred in the Beaver Dam 
Mountains (~1000 km).  
 
The Beaver Dam Mountains in relation to the early Paleozoic passive margin 
Sediment thickness in the western US decreases abruptly east of the early Paleozoic passive 
margin hinge zone (commonly referred to as the Wasatch line; Stewart & Poole, 1974; Figure 
4.11). The paradox this presents is how the uplifts located east of the Wasatch line reached the 
temperatures necessary to reset the ZFT in the absence of large thicknesses of sediments.  This 
paradox is even more perplexing in the classic ARM uplifts (Kluth, 1986). There, as we 
approach in an eastward direction the sediments are feathering out as they onlap on to the 
Transcontinental Arch (Blakey, 2008). ZFT studies in the eastern Grand Canyon yielded 
Proterozoic dates (Naeser et al., 2001; Figure 4.3), indicating that some parts of the Colorado 
Plateau were never hot enough to reset the ZFT system. 
 
At the Beaver Dam Mountains, the thickness of Cambrian-Mississippian strata is ~ 2km. If one 
includes the Bird Spring Formation, which spans the Pennsylvanian - Early Permian (Stevens & 
Stone, 2007), it is <3 km (Hintze, 1986). There are several unconformities in the section, 
including one at the base and top of the Bird Spring Formation which have probably contributed 
to removing some of the stratigraphy. None of the sections of the Bird Spring Formation 
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measured by Stevens & Stone (2007) was complete, suggesting erosional removal of the upper 
part of the unit. The thickest section of Bird Spring Formation, located in the Spring Mountains, 
is > 2 km thick, which implies that there may have been significantly thicker sections of this unit 
in the Beaver Dam Mountains originally (sediments of this age reach a thickness of 8 km in the 
Oquirrh basin; Figure 4.11). There is a well-developed unconformity at the base of the Devonian 
section which removed all of the Ordovician and Silurian that was deposited east of the passive 
margin hingeline (Poole et al., 1977, Blakey, 2008). Yet, the timing of the ZFT exhumation ages 
indicates that these earlier erosional events did not remove enough overburden to set the ZFT 
ages. Compaction may have played a role, as carbonate sediments may compact up to 50% in the 
absence of early cementation (Goldhammer, 1997), greatly reducing the stratigraphic thickness. 
Anderson et al. (2010) and Diehl et al. (2010) propose a model in which large volumes of 
Paleozoic rocks were lost to dissolution processes coeval with deformation in the Miocene. They 
do not specify an overall thickness decrease but locally some stratigraphic units lost 60% of their 
original thickness to this process. A similar process may have taken place in the Permian and 
contributed to some thinning of the carbonate section. Alternatively, an increased geothermal 
gradient would reduce the overburden required to reach the Tc of the ZFT. A geothermal 
gradient of 25°C/km requires ~8-9 km of overburden to reach the ZFT Tc vs ~6 km required 
with a geotherm of 35°C/km. In any case a mechanism is required to remove large amounts of 
stratigraphy without causing pronounced angular unconformities (angular discordance is not 
more than a few degrees; Hintze, 1986).  
 
Implications for Cenozoic Extension 
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The Mormon Mountains-Beaver Dam Mountains transect in the Central Basin and Range has 
long been considered one of the type localities for low-angle normal faulting in the Basin and 
Range (Wernicke, 1981; Wernicke & Axen, 1988; Axen et al., 1990).  Palinspastic 
reconstructions of Cenozoic deformation there commonly assume that there was no structural 
complexity in the region at the onset of extension (Wernicke, 1981; Wernicke & Axen, 1988; 
Axen et al., 1990). This assumption requires all the observed deformation to be accommodated 
by extensional processes such as normal faulting and footwall uplift. This has led to very high 
estimates for regional extension (Wernicke et al., 1988; Snow & Wernicke, 2000; McQuarrie & 
Wernicke, 2005). Our data show that the assumption of structural simplicity may be erroneous.  
 
The presence of Pennsylvanian and Permian ages in various localities of the Basin and Range 
suggest that tectonism of this age may be more widespread than previously recognized. In the 
Colorado Plateau – Basin and Range transition zone there are a series of basement cored uplifts. 
These features have long been ascribed to be a result of extensional processes but the presence of 
Cretaceous AFT ages in some of them (Garnet Mountain, Lost Basin Range; Swaney et al., 
2010; Fitzgerald et al., 2009) suggest that they might have a longer tectonic history. The Beaver 
Dam Mountains, Virgin Mountains and Gold Butte have been proposed to be the suture zone 
between the Paleoproterozoic Mojave and Yavapai terranes (Colberg, 2009) suggesting that this 
transition zone may be a long-lived fundamental tectonic boundary in the western US. The 
elevated Tc of the ZFT system makes it well suited for deciphering this early tectonic history.  
 
Given the importance of the Basin and Range for studying fundamental processes of continental 
extension, a more complete description of its pre-Cretaceous deformation history is imperative. 
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In particular, this suggests that alternative structural models proposed for the Mormon 
Mountains-Beaver Dam Mountains transect, in which some of the deformation observed 
currently is older than the Miocene, should be re-evaluated in light of these new constraints 
(Hintze, 1986; Anderson & Barnhard, 1993; Anders et al., 2006, 2013; Walker et al., 2007; 
Walker, 2008; Christie-Blick et al., 2007; Carpenter & Carpenter, 1994; Anderson et al., 2010; 
Diehl et al., 2010). 
 
Conclusion 
Fission track studies have shown that the Beaver Dam Mountains had two main phases of 
exhumation. The first phase, preserved in the zircon fission tracks, is contemporaneous with the 
uplift of the Ancestral Rocky Mountains and the Death Valley thrust system. This result was 
unexpected, as based on the deformation history inferred from the surface geology, we expected 
to obtain Cretaceous-Paleogene ages. This uplift was probably subtle and was not related to 
extensive folding as evidenced by the lack of pronounced angular unconformities in the 
Paleozoic section. The onlap of the basal Triassic sediments onto the Kaibab surface, however, is 
evidence that there was a surface expression of this uplift at the onset of the Triassic. We favor a 
structural origin for this feature rather than a flexural or mantle driven mechanism. Uncertainties 
in these reconstructions mean that this issue is far from settled though. These Pennsylvanian-
Permian ages also demonstrate that the amount of exhumation related to Cenozoic extension is 
not as large as previously proposed (Wernicke & Axen, 1988; Axen et al., 1990), as the 




The second phase of exhumation was during Miocene extension. Our data suggests that the 
crystalline rocks and the Tapeats Sandstone in the Beaver Dam Mountains are part of an 
exhumed PAZ. This implies that the amount of overburden in the Beaver Dam Mountains was 
not ~6 km as proposed by Axen et al. (1990) but rather ~ 4 km. This is less than the stratigraphic 
thickness of the Cambrian-Jurassic section suggesting that there was erosion of part of the 
stratigraphic section prior to the Miocene. These data also suggest a simple thermal history with 
exhumation initiating at ~25 Ma. This is consistent with exhumation ages obtained in Gold Butte 
(Bernet, 2009) and with stratigraphic studies of the Horse Spring Formation (Lamb et al., 2013) 
which suggest initiation of extension at ~ 20 - 25 Ma. The spatial distribution of the ages 
suggests that distance from the range-bounding fault is the first-order parameter that controls age 
distribution. In this case, the data are uncorrelated to the position of the Castle Cliff detachment 
and instead are correlated with the position of the Red Hollow Fault. This implies that the latter 
fault is responsible for the extensional uplift of the range. The variations in the data also suggest 
that there was complexity in the isotherms prior to extensional unroofing of the samples. 
Corrected AFT ages of a sample from the Permian Quantoweap Sandstone (~60 Ma) may record 
this earlier deformation. The trends in the data seems consistent with the structural history 
proposed by Cook (1960), Hintze (1986), Walker (2008) and others in which the antiformal 
structure of the range has a Cretaceous-Paleocene age and formed in response to crustal 
shortening.  
 
In conclusion, the Beaver Dam Mountains have a long history of deformation that must be 
considered when attempting to palinspastically restore Cenozoic deformation in this region.  
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Table 4.1. Sample location and  lithology
Sample Latitude Longitude Elevation (m) Lithology/Stratigraphic Unit (Age)
From this study
RA12-4 37.08490 113.88603 1304 Leucogranite (Proterozoic)
RA12-8 37.11398 113.94753 1183 Leucogranite (Proterozoic)
RA12-9 37.12077 113.92723 1414 Gneiss (Proterozoic)
RA12-10 37.14338 113.93393 1314 Foliated granodiorite (Proterozoic)
RA12-11 37.14853 113.91345 1446 Migmatite (Proterozoic)
RA12-13 37.08575 113.85372 1268 Gneiss (Proterozoic)
RA12-17 37.11282 113.86213 1576 Tapeats Sandstone (Cambrian)
RA12-18 37.09083 113.87645 1368 Amphibolite (Proterozoic)
RA12-19 37.06848 113.88270 1142 Gneiss (Proterozoic)
RA12-20 37.09730 113.90918 1309 Pegmatite (Proterozoic)
RA12-21 37.20530 113.87923 1504 Quantoweap Sandstone (Permian)
RA12-23 37.23060 113.84598 1281 Quantoweap Sandstone (Permian)
RA12-25 37.26112 113.89438 1155 Chinle Fm. (Triassic) 
RA12-26 37.18290 113.92242 1337 Tapeats Sandstone (Cambrian)
From Stockli (1999)
95BR101 37.09000 113.90278 1250 Crystalline basement (Proterozoic)
95BR105 37.09611 113.89083 1442 Crystalline basement (Proterozoic)
95BR112 37.09972 113.86972 1381 Crystalline basement (Proterozoic)
95BR115 37.10361 113.86000 1396 Tapeats Sandstone (Cambrian)
95BR116 37.10111 113.85694 1426 Tapeats Sandstone (Cambrian)
95BR119 37.13333 113.81389 1314 Quantoweap Sandstone (Permian)
95BR121 37.15167 113.79278 1207 Moenkopi Fm. (Triassic)
95BR122 37.18222 113.77833 1053 Chinle Fm. (Triassic) 
95BR123 37.19639 113.77361 1006 Kayenta Fm. (Jurassic) 
From O'Sullivan et al. (1994)
1 37.10000 113.86667 1460 Tapeats Sandstone (Cambrian)
2 37.10000 113.86667 1430 Tapeats Sandstone (Cambrian)
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34.5±4.5 - - 








15.9±2.3 - - 








11.7±3.2 - - 








19.5±3.0 - - 



















20.0±1.9 - - 








18.2±6.3 - - 








16.6±2.8 - - 
Notes: 
(i). Analyses by external detector method using 0.5 for the 4π/2π geometry correction factor; 
(ii). Ages calculated using dosimeter glass: IRMM540R with ζ540R = 368.1±14.9 (apatite)  
(iii). Pχ2 is the probability of obtaining a χ2 value for v degrees of freedom where v = no. of crystals - 1; 
Data from Stockli (1999), ζ=356.0  





































































































Data from O'Sullivan et al. (1994) ), ζ=352.7 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.4: Zircon fission-track data from the Beaver Dam Mountains 
 
Sample No. No. of 
Crystals 



















































































(54 – 340) 









(219 – 522) 









(43 – 350) 









(293 – 475) 
 
Notes: 
(i) Analyses by external detector method using 0.5 for the 4π/2π geometry correction factor; 
(ii) Ages calculated using dosimeter glass: IRMM541 with ζ541 = 121.1±3.5 (zircon) 





















































































































































































































































































































































































































































































































































































































































Figure 4.1. Map of the western United States. Basin and Range Province is outlined in blue. 
Black box outlines the location of Figure 4.2. Dashed line represents the Early Paleozoic passive 
margin hinge-line. Lines with teeth (on upper plate) represent the Golconda thrust (GT), the 
Roberts Mountain thrust (RMT; Cashman et al., 2011) and the Last Chance thrust (LCT; Stevens 
& Stone, 2005). Shaded red areas represent the largest Ancestral Rocky Mountains uplifts, the 
westernmost of which is the Piute Uplift (PU; Blakey, 2008). The ellipse encloses the Inyo 
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Figure 4.2. Map of the Central Basin and Range and adjacent Colorado Plateau. The black box 
indicates the location of the Beaver Dam Mountains. The black dots show locations of previous 
zircon fission-track studies discussed in text (Naeser et al., 2001; Ferrill et al., 2012; Chapter 1, 
this dissertation) with their respective results. Abbreviations: BD, Beaver Dam Mountains; BM, 
Bare Mountain; FM, Frenchman; GB, Gold Butte; GM, Garnet Mountain; HM, Hualapai 
Mountains; KU, Kaibab Uplift; LR, Lost Basin Range; MC, McCullough Mountains; MM, 
Mormon Mountains; MV, Meadow Valley Mountains; VM, Virgin Mountains; WH, White Hills. 























































































































































Figure 4.3. Geologic map of the Beaver Dam Mountains. Heavy dashed black line represents a 
simplification of the hinge-line of the Beaver Dam anticline. Red line represents the hinge-line of 
the Shivwits syncline. Red dots represent the location of all samples collected for this study. 
Yellow dots are the samples of Stockli (1999) and black dot is from O’Sullivan et al. (1994). 
Sample names are in white box next to each dot. Line with hatch-marks is the Castle Cliff 
Detachment. Dashed lines in the basin are the Piedmont and Red Hollow faults. Pr= Proterozoic 
crystalline basement; Єt= Cambrian Tapeats Sandstone; Є-M = Cambrian through Mississippian 
carbonate rocks; Pq= Permian Quantoweap Sandstone; Pkt= Permian Kaibab and Toroweap 
Formation; Tr= Undivided Triassic rocks; Ju= Undivided Jurassic rocks; Te= Undivided 
Miocene rocks; QT= Undivided Pliocene-Quaternary sedimentary deposits; Qb= Quaternary 

























































Figure 4.4. Plots of track length vs age (or boomerang plots) of apatite fission track data from 
O'Sullivan et al. (1994), Stockli (1999) and this study. A) The top panel shows the uncorrected 
boomerang plot using the reported ages (Table 4.2); B) Bottom panel shows the plot with the 
ages corrected for track lengths < 16 μm (Table 4.3). The bars on each sample represent 
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Figure 4.5. Plots of age vs track length of apatite fission track data zoomed in to show only 
samples taken from the crystalline basement and the Tapeats Sandstone. The samples with 
circles around them represent basement samples. A) Top panel is plotted with original reported 
ages (Table 4.2); B) Bottom panel is plotted with corrected ages (Table 4.3). Note that the data 
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Figure 4.6. A) Thermal history used to model the “age vs track length distributions” (shown in 
B). Each model starts at 100 Ma and each "sample" starts at a different paleotemperature, which 
is maintained until exhumation is initiated. The dashed lines are shown as an example for 
samples exhumed at 80 Ma. The black dot in the upper right of the plot represents the end of all 
the thermal models; B) Ages, normalized to the oldest age in the dataset, vs track length for each 
of the thermal histories. The colors of each curve correspond to the thermal path of the same 
color in A. The track length distribution and age are modeled following the method of Laslett et 
al. (1987). The dashed lines between the curves represent lines of equal maximum 
paleotemperature of the sample. Plotted with these lines are the samples shown in the bottom 
panel of Figure 4.5. These are shown as the light blue asterisks and curve, and as can be seen do 
not overlap with the modeled curves. To adjust for this we shift the curve vertically one unit 
(purple dots and curve) and horizontally 0.1 units (brown crosses and line). The first case would 
imply that the initial length of the fission tracks is 15 μm rather than 16 μm as determined by 
Gleadow et al. (1986).  The second case would imply that there are older samples within the 
PAZ that were not sampled. The hold time corresponds to the time the sample was in the PAZ 
prior to exhumation. We can see that in both cases the data is much closer to the modeled trend 










4.0 6.0 8.0 10.0 12.0









0.0 1.0 2.0 3.0 4.0 5.0
Distance from Castle Cliff Detachment (km)




























































































0 100 200 300 400 500 600









0.0 1.0 2.0 3.0 4.0 5.0
































Figure 4.7. Plots of various parameters vs apatite fission track age. Each parameter is indicated 
under the x-axis. The y-axis is fission track age in each case. The red squares are data from this 
study and the blue diamonds are data from Stockli (1999). Outlier point in data from present 
study is circled in each plot. The black line is a linear regression through all the data from this 
study and the dashed line is a linear regression through the same data with the outlier point 
removed. Vertical bars represent ±2σ errors on the ages. The statistics of the various regressions 

































Figure 4.8. Analytical thermal model showing steady state isotherms with a fixed temperature of 
500°C at the bottom (20 km) and 0°C at the top. Isotherms are plotted every 20°C. The arrow 
indicates the 100°C isotherm, which is close to the apatite fission track closure temperature. Note 
the amount of relief the isotherm has even at this depth. The top of the box has a sinusoid-shaped 
topography imposed with a 20 km wavelength and 2 km amplitude. 
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Figure 4.9. Thermal and track annealing models for sample RA12-13 from HeFTy (Ketcham, 
2005). The measured age for this sample is 22.5±2.5 Ma (1 SD) and the track length is 
13.66±1.97 μm. These are three iterations of inverse modeling of the same dataset. The plots on 
the right represent time-temperature paths. The program randomly generates 10000 paths within 
the provided constraints. Those with a goodness of fit (GOF)>0.05 are deemed “Acceptable” and 
those with a GOF>0.5 are “Good”. The light gray represents the envelope of all the “Acceptable” 
paths and the dark gray represents the envelope of all the “Good” paths. The red line is the 
resulting best fit model. In the upper right corner the resulting model age, GOF and age of oldest 
preserved track are shown. In the lower right corner the number of Good and Acceptable runs 
(out of 10000 runs) are shown. The plots on the right side are track-length distribution plots. The 
length-distribution that results from the model on the left side is shown as a black line 
superposed on the histogram. The model track-length and GOF are shown above the histogram. 
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Figure 4.10. A) Cross section showing present structural configuration according to Axen et al. 
(1990). B) Structural reconstruction for pre-Miocene time from same source. The three dotted 
lines represent the 230°C isotherm assuming a 10°C average surface temperature and different 
geothermal gradients: 20°C/km for the bottom (deepest) line; 25°C/km for the intermediate line 
and 30°C/km for the top (shallowest) line. The dashed black line represents the deepest 
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Figure 4.11. A) Map showing the most prominent features associated with the Pennsylvanian-
Permian Ancestral Rocky Mountain uplifts. Brown features are uplifts and blue features are 
basins. Pennsylvanian basin thickness is in kilometers. Red box shows location of the Beaver 
Dam Mountains. Red line shows the present location of the Permian-age Golconda thrust. The 
dashed red line is the Permian location of the thrust according to Marzolf (1994). The Mina 
Deflection is where the trace of the thrust changes abruptly from N-S orientation to 
approximately E-W. The ellipses represent the Beaver Dam-Medicine Mountain highlands 
inferred to exist at the beginning of the Triassic based on stratigraphic data. Marzolf (1994) 
proposes that these features correspond to the frontal thrust of the Sonoma orogen. The dashed 
black line represents the Early Paleozoic passive margin hingeline. Map modified from Blakey 
(2008). B) Chart showing the progressive onlap of the Moenkopi Formation onto the Beaver 
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Appendix A. Analytical methods. 
 
Note: This appendix contains supplementary material for Chapter 1: “Reassessing the Magnitude 
and Mechanisms of Extension in the Lake Mead Region: Constraints from Frenchman Mountain, 
Nevada” 
 
Isotope Ratios and Elemental Concentrations: 
Sample Preparation: The REE’s and Nd isotopes were measured using whole rock samples. The 
large crystal sizes of the plutonic rocks (up to 3 cm across for the alkali feldspars) required that 
large pieces (~500 g per sample) of the sample be pulverized in order to be representative. The 
samples were first crushed with a hydraulic press. Special care was taken to not lose any 
material, thus preventing altering the proportions of minerals found in the whole rock. Once the 
sample had been crushed to pieces smaller than 4 mm, it was pulverized using a shatter box with 
a tungsten carbide vessel. The Pb isotopes were measured using feldspar crystals taken from the 
samples. These were crushed using a hydraulic press, and from this crushed material pieces of 
feldspar crystal were picked (~10 g per sample). 
 
Approximately 200 mg of pulverized whole rock was taken for each sample for Nd analyses and 
100 mg of feldspar crystals were taken for Pb analyses. These samples were digested in a 
solution of hot HF–HNO3 (in a 1:2 proportion) in sealed Savillex Teflon (PFA) beakers. Samples 
were dissolved and evaporated repeatedly with concentrated HNO3 to remove any traces of HF 
that may have remained and to convert residues into nitric salts. Residual samples were re-
dissolved in concentrated HNO3 and prepared for column chemistry. Nd and Pb were eluted 
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from sample solutions by ion chromatography using Tru-Spec/Ln-Spec and AG1-8X 100-200 
mesh resins (chloride or acetate form?), respectively.  
 
Nd and Pb isotopes: Isotope ratios were measured by inductively coupled plasma mass 
spectrometry on a Thermo Fisher Neptune Multi Collector (MC-ICP-MS). The Nd isotopes were 
measured with a precision of less than 20 ppm and the Pb isotopes with a precision of less than 
100 ppm.  
 
143Nd/144Nd ratios were corrected for mass fractionation using 146Nd/144Nd = 0.7219. The JNdi-1 
standard was measured between every sample as a check on accuracy. The average 143Nd/144Nd 
value of JNdi was 0.512085±6 (2σ, n = 18). The analytical results were normalized to the 
standard JNdi value of 0.512115 reported by Tanaka et al. (2000). Aliquots of La Jolla standard 
were also measured with an average normalized value of 143Nd/144Nd =0.511862 (n=2). Our 
normalized La Jolla standard value was in agreement with the average value (0.511858) reported 
by Tanaka et al. (2000).  
 
Pb isotopes were corrected for mass fractionation by adding a Tl spike to standards and samples, 
and correcting to 203Tl/205Tl = 0.41844 (Thirlwall 2002). The NIST SRM 981 standard was run 
between each sample to ensure accuracy. The average values for the standard were 206Pb/204Pb = 
16.9554±15, 207Pb/204Pb = 15.5179±13 and 208Pb/204Pb = 36.7819±39 (all errors are 2σ, n=32). 
These were normalized to the values for SRM 981 obtained in Todt et al. (1996): 206Pb/204Pb = 
16.9356, 207Pb/204Pb = 15.4891 and 208Pb/204Pb = 36.7006.  
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Analyte G2 Excimer laser using a spot diameter of 30 microns (although for very small grains a 
spot diameter of 20 microns was used).   
 
For each analysis, the errors in determining 206Pb/238U and 206Pb/204Pb result in a measurement 
error of ~1-2% (at 2-sigma level) in the 206Pb/238U age.  The errors in measurement of 206Pb/207Pb 
and 206Pb/204Pb also result in ~1-2% (at 2-sigma level) uncertainty in age for grains that are >1.0 
Ga, but are substantially larger for younger grains due to low intensity of the 207Pb signal.  For 
most analyses, the cross-over in precision of 206Pb/238U and 206Pb/207Pb ages occurs at ~1.0 Ga.   
 
204Hg interference with 204Pb is accounted for measurement of 202Hg during laser ablation and 
subtraction of 204Hg according to the natural 202Hg/204Hg of 4.35.  Common Pb correction is 
accomplished by using the Hg-corrected 204Pb and assuming an initial Pb composition from 
Stacey and Kramers (1975).  Uncertainties of 1.5 for 206Pb/204Pb and 0.3 for 207Pb/204Pb are 
applied to these compositional values based on the variation in Pb isotopic composition in 
modern crystal rocks.  
 
Pb/U fraction is accounted for by analyzing a standard of known age every 4 or 5 sample 
analyses. The uncertainty resulting from the calibration correction is generally 1-2% (2-sigma) 
for both 206Pb/207Pb and 206Pb/238U ages.  The concentrations of U and Th are also calibrated 
relative to these known standards. The standard is a Sri Lanka zircon, with an age of 563.5 ± 3.2 
Ma (2-sigma error) and concentrations of ~518 ppm of U and 68 ppm Th. 
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The resulting interpreted ages are shown on Pb*/U concordia diagrams and weighted mean 
diagrams using the routines in Isoplot (Ludwig, 2008).  The weighted mean diagrams show the 
weighted mean (weighting according to the square of the internal uncertainties), the uncertainty 
of the weighted mean, the external (systematic) uncertainty that corresponds to the ages used, the 
final uncertainty of the age (determined by quadratic addition of the weighted mean and external 
uncertainties), and the MSWD of the data set.    
 
Ar/Ar Dating 
Samples were processed by the traditional methods of crushing them with a hydraulic press and 
grinding them with a disc mill. After this they were sieved into the following size fractions <125 
μm, 125 – 710 μm and > 710 μm – 2mm. The 125 – 710 μm fraction was rinsed and air dried. 
Following magnetic separations, hornblendes, biotites, muscovites and feldspars were 
handpicked from the sample. Sample minerals and standards were irradiated at the U.S. 
Geological Survey (USGS) TRIGA reactor in Denver, CO.40Ar/39Ar ages were obtained using 
single-step CO2laser fusion at the Lamont-Doherty Earth Observatory AGES geochronology lab 
(AGES: Argon Geochronology for the Earth Sciences). J values used to correct for neutron flux 
were calculated using the co-irradiated Mmhb-1 hornblende standard (525 Ma; Samson and 
Alexander, 1987). 
 
Fission Track Dating 
Apatite grains are mounted in epoxy resin, alumina and diamond polished, and spontaneous 
fission tracks revealed by etching with 5.5M HNO3 at 20°C for 20 seconds. Zircon grains are 
mounted in PFA Teflon, diamond polished, and etched in an oven at ca. 220°C using a KOH-
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NaOH eutectic melt (Gleadow et al., 1976) in a zirconium crucible for 3 to 70+ hours. The 
optimum etch time is dependent on age and radiation damage, and is monitored by repeated 
etching and observation at 3-6 hour time intervals. Samples are analyzed by applying the 
external detector method (Gleadow, 1981) using very low uranium, annealed muscovite mica 
detectors, and irradiated at the Oregon State University Triga Reactor, Corvallis, USA. The 
neutron fluence is monitored using European Institute for Reference Materials and 
Measurements (IRMM) uranium-dosed glasses IRMM 540R for apatite and IRMM 541 for 
zircon. After irradiation induced tracks in the mica external detectors are revealed by etching 
with 40-48% HF for 18 minutes. Spontaneous and induced FT densities are counted using an 
Olympus BX61 microscope at 1250x magnification with automated Kinetek Stage system. 
Apatite FT lengths and Dpar values are measured using an attached drawing tube and digitizing 
tablet supplied by Trevor Dumitru of Stanford University calibrated against a stage micrometer. 
Central ages (Galbraith and Laslett, 1993), quoted with 1σ errors, are calculated using the IUGS 
recommended Zeta-calibration approach of Hurford and Green (1983). Where spontaneous track 
counts are low (<5), a binomial age with 95% confidence limits (see Brandon, 1992; Galbraith, 
2005) is applied. Current apatite and zircon IRMM 540R and IRMM541 zeta calibration factors 
of 368.1±14.9 and 121.3±2.6 respectively, have been obtained by repeated calibration against a 
number of internationally agreed age standards including Durango and Fish Canyon apatite, and 
Fish Canyon and Buluk zircon, according to the recommendations of Hurford (1990).  
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Trace elements and REE: These were measured using whole rock samples dissolved in 
HF+HNO3. The analyses were done using a VG PlasmaQuad Excell ICPMS, which produces 
elemental concentrations with 1-2% precision. A standard solution was made and added to a 
subset of the samples in varying concentrations in order to determine and correct for any matrix 
effects. In was also added to the samples in order to measure and correct for instrument drift 
throughout the analyses. Precision for the analyses were < 2σ=10%. Accuracy was determined 
using three standards: AGV-2, RGM-1 and GSP-2. Elemental concentrations for these standards 
obtained from our analyses were within previously obtained values. 
 
Radiogenic Isotope Dating: 
Sample Preparation: 
Samples were processed by the traditional methods of crushing them with a hydraulic press and 
grinding them with a disc mill, followed by separation with a Wilfley table, lithium 
polytungstates (LST) and methylene iodide (MEI) heavy liquids, and a Frantz magnetic 
separator.  For U-Pb dating, samples are processed so that zircons are concentrated in the final 
heavy mineral fraction. A subsample of this fraction is mounted on 1” epoxy discs and polished 
to expose the interior of the grains. For Ar dating, after the samples have been crushed and 
grinded the minerals of inerest are manually picked using a bincular microscope.  
 
U/Pb Analyses: U-Pb geochronology of zircons was conducted by laser ablation multicollector 
inductively coupled plasma mass spectrometry (LA-MC-ICPMS) at the Arizona LaserChron 
Center (Gehrels et al., 2008).  The analyses involve ablation of zircon with a Photon Machines 
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Sample 1a
Appendix B. Concordia Diagrams for U-Pb Analyses shown in Table 2. All samples described 
Sample 3
Note: This appendix contains supplementary material for Chapter 1: “Reassessing the Magnitude and 






Intercepts at  -354  +180/-290  Ma &  
1682.9  +4.9/-4.0  Ma 




Intercepts at 138  +43/-46  Ma  
& 1684.8  +6.2/-6.2  Ma 
MSWD = 1.2 
Final Age = 1683.7±14.1 Ma 
Mean = 1683.7±4.0  [0.24%]  2σ 










Sample 39 - 1 


































Integrated Age = 1129 ± 5 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12914-02, RVA-29
Cumulative %39Ar Released
Biotite - 29
1129 ± 5 Ma












Isochron age =  1614 ± 7 Ma (0.43%)
40Ar/36Ar Intercept =  291.4 ± 1.9 (0.67%)
MSWD = 25, Prob. = 0.00, n = 4
Isochron for Run 12896-02, RVA-44
39Ar/40Ar
Hornblende - 44
1614 ± 7 Ma
Note: This appendix contains supplementary material for Chapter 1: “Reassessing the Magnitude and 
Mechanisms of Extension in the Lake Mead Region: Constraints from Frenchman Mountain, Nevada” 
Appendix C. Step heating profiles, X-axis is cumulative % of gas released and Y-axis is 
calculated age. Integrated ages are shown for each profile. Second plot on this page is Ar-Ar 
isochron. 
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 1274 ± 6 Ma
Integrated Age = 1274 ± 6 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12912-05, RVA-5a
Cumulative %39Ar Released























 1210 ± 6 Ma
Integrated Age = 1184 ± 6 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12912-04, RVA-5a
Cumulative %39Ar Released



























Integrated Age = 1143 ± 5 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12891-02, RVA-2b
Cumulative %39Ar Released
Biotite – 2b
1143 ± 5 Ma 




























Integrated Age = 1297 ± 6 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12912-02, RVA-5a
Cumulative %39Ar Released
1297 ± 6 Ma 
Biotite – 5a 




























Integrated Age = 1306 ± 6 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12912-03, RVA-5a
Cumulative %39Ar Released
1306 ± 6 Ma 
a5 – etitoiBa5 – etitoiB
1184 ± 6 Ma
Biotite – 5a
1274 ± 6 Ma 













































Integrated Age = 717 ± 10 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12913-03, RVA-5a
Cumulative %39Ar Released
717 ± 10 Ma 
Feldspars – 5a 
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Integrated Age = 560 ± 3 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12886-03, RVA-8
Cumulative %39Ar Released



























 900 ± 20 Ma
Integrated Age = 910 ± 30 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12911-02, RVA-5a
Cumulative %39Ar Released







































Integrated Age = 631 ± 3 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12913-04, RVA-5a
Cumulative %39Ar Released



































Integrated Age = 555 ± 3 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12913-02, RVA-5a
Cumulative %39Ar Released
555 ± 3 Ma
Feldspars – 5a Feldspars – 5a 
Hornblende – 5a



























Integrated Age = 1069 ± 5 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12885-02, RVA-8
Cumulative %39Ar Released
Hornblende -8
1069 ± 5 Ma910 ± 30 Ma
631 ± 3 Ma
Feldspar - 8
560 ± 30 Ma










































Integrated Age = 1017 ± 5 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12886-02, RVA-8
Cumulative %39Ar Released
Feldspar - 8
1017 ± 5 Ma
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Integrated Age = 440 ± 3 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12900-02, RVA-46
Cumulative %39Ar Released






















Integrated Age = 1119 ± 6 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12888-04, RVA-9
Cumulative %39Ar Released




















Integrated Age = 1333 ± 6 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12899-04, RVA-46
Cumulative %39Ar Released





















 1343 ± 7 Ma
Integrated Age = 1297 ± 9 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12899-03, RVA-46
Cumulative %39Ar Released




























Integrated Age = 1114 ± 5 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12888-03, RVA-9
Cumulative %39Ar Released
Biotite - 9
1114 ± 5 Ma1119 ± 6 Ma
Biotite - 9
Biotite - 46
440 ± 3 Ma






































Integrated Age = 657 ± 4 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12889-02, RVA-9
Cumulative %39Ar Released
Feldspar - 9
657 ± 4 Ma
Muscovite - 46  Muscovite -46
1297 ± 9 Ma 1333 ± 6 Ma
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Integrated Age = 1070 ± 5 Ma




































Integrated Age = 936 ± 5 Ma































Integrated Age = 1331 ± 6 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12899-05, RVA-46
Cumulative %39Ar Released
Muscovite - 46
1331 ± 6 Ma







































Integrated Age = 635 ± 3 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12901-02, RVA-46
Cumulative %39Ar Released
635 ± 3 Ma
Feldspar - 46




























Integrated Age = 793 ± 4 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12909-02, RVA-21a
Cumulative %39Ar Released
793 ± 4 Ma
Biotite – 21a



































Integrated Age = 503 ± 3 Ma
40Ar/39Ar Step-Heating Spectrum for Run 12910-02, RVA-21a
Cumulative %39Ar Released
Feldspar – 21a



































































Appendix D. Pb isotope plots showing data from this study and from Neiswanger et al., 
2010. Stacy & Kramer (1975) Pb evolution curve shown between 1100 Ma and 1700 
Ma. Black squares placed at 50 Myr intervals. Data shows no discernible grouping in 
any of the plots. 
 
Note: This appendix contains supplementary material for Chapter 1: “Reassessing the Magnitude and 
























































































































Appendix E. Elemental concentration plots, granite classification diagrams and spidergrams
Ba vs Sr plot showing a distinction between Group 1 and Group 2 samples. They 
are similarly enriched in Sr, but Group 1 has higher concentrations of Ba. This 
was the same relationship obtained by Anderson & Bender (1989) for the Gold 
Butte, Lucy Gray, Davis Dam and Newberry granites.
Note: This appendix contains supplementary material for Chapter 1: “Reassessing the Magnitude and 
Mechanisms of Extension in the Lake Mead Region: Constraints from Frenchman Mountain, Nevada” 
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Spider Diagram of REE normalized to CHUR (Sun and McDonough, 1989). 
One sample from Davis Dam has a pattern different from the rest of the 
samples. We attribute this to errors in sample preparation. The rest of the 
samples overlap which does not allow for a discrimination between groups 





Rb Ba Th U K Nb La Ce Sr Nd P Hf Zr Sm Ti Tb Y Tm
Spidergram, elements normalized to Taylor & McLennan (1981) average upper 
continental crust. Zr and Hf depleted due to incomplete dissolution of zircons 
during sample digestion. As in the previous diagram, elemental concentration 
patterns overlap in groups 1 and 2. 
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Y-Nb granite classification diagram from Pearce et al. (1984). The only sample 
that does not plot in the Within Plate Granite field is the from Davis Dam, 
however, this sample has an erratic pattern in the CHUR spidergram which 
leads us to dismiss it as an analytical issue. A Davis Dam repeated sample 
plots with the rest of the samples. 
(Yb+Ta) - Rb granite classification diagram from Pearce et al. (1984). Only non 






Yb-Ta granite classification diagram from Pearce et al. (1984). Only non WPG 
sample is same as in previous(Davis Dam).  
Ta
Yb
(Y+Nb) -Rb granite classification diagram from Pearce et al. (1984). Only non 




Appendix F. Summary of Pb isotope analyses and data  
 
Note: This appendix contains supplementary material for Chapter 2: “Geochronologic and Isotopic 
studies of A-type Granites in Southern Nevada: Implications for Paleoproterozic Tectonics of the 















Appendix F2. Error Correlation and Total error calculation for Pb-isotope data 
 
  206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
  981 16.9554 15.5178 36.7813 
  981 16.9551 15.5178 36.7819 
  981 16.9546 15.5173 36.7799 
  981 16.9546 15.5173 36.7797 
  981 16.9552 15.5173 36.7805 
  981 16.9565 15.5186 36.7836 
  981 16.9553 15.5177 36.7811 
  981 16.9563 15.5187 36.7838 
  981 16.9557 15.5182 36.7829 
  981 16.9556 15.5181 36.7819 
  981 16.9557 15.5179 36.7821 
  981 16.9550 15.5174 36.7808 
  981 16.9564 15.5187 36.7849 
  981 16.9560 15.5185 36.7832 
  981 16.9563 15.5187 36.7839 
  981 16.9550 15.5175 36.7805 
  981 16.9551 15.5177 36.7817 
  981 16.9556 15.5178 36.7821 
  981 16.9557 15.5181 36.7823 
  981 16.9560 15.5185 36.7837 
  981 16.9541 15.5170 36.7796 
  981 16.9565 15.5190 36.7849 
  981 16.9549 15.5174 36.7801 
  981 16.9561 15.5187 36.7839 
  981 16.9550 15.5175 36.7797 
  981 16.9548 15.5172 36.7802 
  981 16.9550 15.5176 36.7812 
  981 16.9540 15.5168 36.7794 
  981 16.9544 15.5174 36.7814 
  981 16.9564 15.5190 36.7850 
  981 16.9559 15.5184 36.7833 
  981 16.9539 15.5167 36.7793 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix F3. Data used for Pb-Pb isochrones.  
  







Group 1         
L17-avg 16.1029 0.00409 15.3876 0.00392 
17-Nd 16.4909 0.00152 15.4280 0.00134 
29-Nd 16.1455 0.00149 15.3893 0.00131 
35-Nd 16.1506 0.00152 15.3870 0.00134 
39-Nd 16.2620 0.00151 15.4027 0.00133 
22-Nd 16.3830 0.00152 15.4185 0.00135 
20-Nd 16.2905 0.00151 15.4103 0.00134 
LQ - avg 16.1448 0.00337 15.3891 0.00259 
LN - avg 16.1855 0.00337 15.3931 0.00259 
LL - avg 16.2488 0.00337 15.4028 0.00259 
     Group 2         
W-Nd 16.2373 0.00152 15.3974 0.00134 
L-Nd 16.4391 0.00151 15.4273 0.00133 
1a-Nd 16.3016 0.00152 15.4057 0.00134 
3-Nd 16.2675 0.00152 15.3994 0.00134 
5a-Nd 16.3772 0.00150 15.4112 0.00133 
11-Nd 16.5433 0.00152 15.4270 0.00135 
NV3-Nd 16.1577 0.00150 15.3916 0.00131 
L11 16.2355 0.00337 15.4016 0.00259 
L1a 16.2062 0.00337 15.3944 0.00259 
L3 16.1475 0.00337 15.3856 0.00259 
L10 16.2029 0.00337 15.3935 0.00259 
     Error 
correlation= 0.9330 
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Appendix G. Summary of Nd isotope analyses and data  
 
Note: This appendix contains supplementary material for Chapter 2: “Geochronologic and Isotopic 
studies of A-type Granites in Southern Nevada: Implications for Paleoproterozic Tectonics of the 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































       
 
Appendix G2. Table showing 147Sm/144Nd calculation from Sm and Nd concentrations 
       
 





35-Nd 70.481363 13.605253 0.193033 0.116206 
 
 
39-Nd 90.898007 15.739465 0.173155 0.104239 
 
 
22-Nd 74.154800 11.723589 0.158096 0.095174 
 
 
20-Nd 41.668634 5.970176 0.143277 0.086253 
 
 
17-Nd 73.837771 12.974833 0.175721 0.105784 
 
 
29-Nd 88.135960 16.429321 0.186409 0.112218 
 
 
W-Nd 111.366328 17.509096 0.157221 0.094647 
 
 
L-Nd 131.703723 22.387024 0.169980 0.102328 
 
 
1a-Nd 95.683807 15.050867 0.157298 0.094693 
 
 
3-Nd 85.152450 14.273402 0.167622 0.100908 
 
 
5a-Nd 80.236485 12.537200 0.156253 0.094064 
 
 
11-Nd 109.785767 16.757995 0.152643 0.091891 
 
 
NV3-Nd 103.833573 18.117519 0.174486 0.105041 
 
       
        [1] Measured value 
    
 
[2] 147Sm/144Nd=[Sm(ppm)/Nd(ppm)]*0.602 
   
    
 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix H:  Forward modeling of the flexural response of the crust to faulting 
 
Note: This appendix contains supplementary material for Chapter 3: “Geophysical Constraints 
on the Origin of the Beaver Dam Mountains and the Subsurface Geometry of the Beaver Dam 
Wash, Utah” 
All models were run using “Stretch” software from Badley’s Geoscience. The sections are 200 
km long. The top gray layer represents a 5 km thick succession of sedimentary rocks. The green 
layer is the crystalline crust. Total crustal thickness is 30 km. The red layer is the mantle. The 
brittle-ductile transition is set at 15 km depth. This is the depth at which the listric faults flatten 
and where extension is accommodated in a ductile manner for planar faults. The pre-extensional 
configuration consists of flat, uniform thickness layers with a surface elevation of 1 km. The 
yellow portions represent sediments filling the basin up to that elevation. If the basin does not 
have an elevation lower than 1 km then no sediments are accumulated. The models have no 
erosion incorporated (although they can be done with this). The initial dip of the fault ranges 
from 10° to 60° at 10° intervals. The final dip varies, as the fault plane is allowed to rotate as the 
footwall responds to extension. The elastic thickness (Te) was set at 1 km, 2.5 km, 5 km, 7.5 km 
and 10 km. Listric and planar geometries were used. Based on the estimate of displacement on 
the Castle Cliff detachment from Axen et al. (1990), 27 km of horizontal extension are imposed 














FD10ET1_L 1 10 9 0.26 3.4
FD10ET1_P 1 10 9 0.32 4.2
FD20ET1_L 1 20 9.5 0.53 6.9
FD20ET1_P 1 20 9 0.66 8.6
FD30ET1_L 1 30 9.5 0.83 10.5
FD30ET1_P 1 30 9.5 1.05 13.6
FD40ET1_L 1 40 10 1.16 14.2
FD40ET1_P 1 40 9.5 1.53 19.4
FD50ET1_L 1 50 10.5 1.51 17.6
FD50ET1_P 1 50 9.5 2.17 24.2
FD60ET1_L 1 60 11 1.89 21.1
FD60ET1_P 1 60 9.5 3.16 36.0
FD10ET2 5_L 2.5 10 19.5 0.56 3.4
FD10ET2 5_P 2.5 10 19.5 0.71 4.3
FD20ET2 5_L 2.5 20 20 1.08 6.3
FD20ET2 5_P 2.5 20 19.5 1.48 8.9
FD30ET2 5_L 2.5 30 21.5 1.53 8.5
FD30ET2 5_P 2.5 30 20 2.35 13.9
FD40ET2 5_L 2.5 40 22.5 1.89 10.1
FD40ET2 5_P 2.5 40 20 3.40 19.7
FD50ET2 5_L 2.5 50 23 2.19 11.3
FD50ET2 5_P 2.5 50 20 4.80 26.7
FD60ET2 5_L 2.5 60 24.5 2.42 12.1
FD60ET2 5_P 2.5 60 20 7.03 35.8
FD10ET5_L 5 10 37 0.89 3.1
FD10ET5_P 5 10 35.5 1.19 4.3
FD20ET5_L 5 20 38.5 1.45 4.8
FD20ET5_P 5 20 37 2.41 8.5
FD30ET5_L 5 30 40.5 1.78 5.6
FD30ET5_P 5 30 37.5 3.70 12.9
FD40ET5_L 5 40 42 1.96 5.8
FD40ET5_P 5 40 37 5.21 17.8
FD50ET5_L 5 50 43 2.03 5.8
FD50ET5_P 5 50 37.5 7.16 23.7
FD60ET5_L 5 60 44.5 2.02 5.5














FD10ET7 5_L 7.5 10 52 1.01 2.5
FD10ET7 5_P 7.5 10 51 1.45 3.7
FD20ET7 5_L 7.5 20 56.5 1.50 3.4
FD20ET7 5_P 7.5 20 52.5 2.84 7.2
FD30ET7 5_L 7.5 30 58 1.69 3.7
FD30ET7 5_P 7.5 30 52.5 4.29 10.8
FD40ET7 5_L 7.5 40 60 1.74 3.5
FD40ET7 5_P 7.5 40 53 5.95 14.8
FD50ET7 5_L 7.5 50 62 1.70 3.3
FD50ET7 5_P 7.5 50 53.5 8.09 19.8
FD60ET7 5_L 7.5 60 63.5 1.61 2.9
FD60ET7 5_P 7.5 60 54 11.71 26.7
FD10ET10_L 10 10 69 1.06 2.0
FD10ET10_P 10 10 77.5 1.65 3.2
FD20ET10_L 10 20 73 1.45 2.5
FD20ET10_P 10 20 80 3.18 6.2
FD30ET10_L 10 30 75 1.55 2.5
FD30ET10_P 10 30 81 4.75 9.2
FD40ET10_L 10 40 77 1.52 2.3
FD40ET10_P 10 40 81.5 6.54 12.6
FD50ET10_L 10 50 79 1.44 2.1
FD50ET10_P 10 50 90.5 9.49 16.9
FD60ET10_L 10 60 80 1.32 1.8
FD60ET10_P 10 60 89.5 14.14 23.1
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FD10ET1_L L 1.21 0.16 127 1.06
FD10ET1_P P 1.23 0.69 127 0.54
FD20ET1_L L 1.44 0.72 127 2.16
FD20ET1_P P 1.51 0.40 127 1.91
FD30ET1_L L 1.70 1.95 127 3.65
FD30ET1_P P 1.83 0.08 127 1.75
FD40ET1_L L 2.00 3.25 122 5.26
FD40ET1_P P 2.22 0.32 127 2.55
FD50ET1_L L 2.32 4.49 127 6.81
FD50ET1_P P 2.76 0.92 127 3.68
FD60ET1_L L 2.68 5.64 127 8.32
FD60ET1_P P 3.57 1.93 127 5.50
FD10ET2 5_L L 1.48 0.17 127 1.65
FD10ET2 5_P P 1.57 0.34 127 1.24
FD20ET2 5_L L 1.95 1.48 127 3.43
FD20ET2 5_P P 2.23 0.33 127 2.55
FD30ET2 5_L L 2.36 3.10 127 5.46
FD30ET2 5_P P 2.96 1.20 127 4.17
FD40ET2 5_L L 2.70 4.76 122 7.46
FD40ET2 5_P P 3.86 2.43 127 6.29
FD50ET2 5_L L 2.99 6.35 127 9.34
FD50ET2 5_P P 5.07 4.27 127 9.34
FD60ET2 5_L L 3.23 7.82 127 11.05
FD60ET2 5_P P 6.88 7.40 127 14.28
FD10ET5_L L 1.80 0.76 127 2.56
FD10ET5_P P 2.03 0.13 127 2.16
FD20ET5_L L 2.32 2.63 127 4.95
FD20ET5_P P 3.11 1.46 127 4.57
FD30ET5_L L 2.64 4.78 127 7.41
FD30ET5_P P 4.26 3.26 127 7.52
FD40ET5_L L 2.81 6.81 127 9.62
FD40ET5_P P 5.60 5.72 127.5 11.32
FD50ET5_L L 2.89 8.63 127 11.52
FD50ET5_P P 7.32 9.26 127.5 16.59
FD60ET5_L L 2.89 10.13 127 13.02
FD60ET5_P P 9.87 14.92 127.5 24.79
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FD10ET7 5_L L 1.93 1.14 127 3.07
FD10ET7 5_P P 2.29 0.45 127 2.74
FD20ET7 5_L L 2.38 3.33 127 5.71
FD20ET7 5_P P 3.55 2.20 127.5 5.75
FD30ET7 5_L L 2.57 5.72 127 8.29
FD30ET7 5_P P 4.85 4.59 128.5 9.44
FD40ET7 5_L L 2.62 7.87 127 10.50
FD40ET7 5_P P 6.35 7.73 128 14.08
FD50ET7 5_L L 2.60 9.71 127 12.31
FD50ET7 5_P P 8.28 12.15 128 20.42
FD60ET7 5_L L 2.52 11.14 127 13.66
FD60ET7 5_P P 11.14 19.07 127.5 30.21
FD10ET10_L L 1.98 1.40 127 3.38
FD10ET10_P P 2.45 0.65 127 3.10
FD20ET10_L L 2.35 3.80 127 6.14
FD20ET10_P P 3.81 2.72 129 6.52
FD30ET10_L L 2.44 6.31 127 8.75
FD30ET10_P P 5.18 5.48 129 10.66
FD40ET10_L L 2.42 8.50 127 10.92
FD40ET10_P P 6.75 9.04 129 15.79
FD50ET10_L L 2.35 10.31 127 12.66
FD50ET10_P P 8.79 13.96 128.5 22.75
FD60ET10_L L 2.24 11.69 127 13.93
FD60ET10_P P 11.83 21.61 128 33.44
(1) Topographic difference is difference in elevation between point of maximum elevation and the
and point where dips in footwall go to horizontal
(2) The maximum elevation is always at the footwall cutoff point, at X=100 km
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Appendix I: Specifications of the GPS system used for seismic survey 
 
Note: This appendix contains supplementary material for Chapter 3: “Geophysical Constraints 
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UNAVCO Topcon GB-1000 Campaign Kit 
UNAVCO Topcon GB-1000 Campaign Kit
 
UNAVCO m ainta ins 100 campaign GPS systems in order to  support portab le GPS deployments funded by the NSF’s EarthScope Science panel. Based on Topcon GB-
1000 equipment, the sys tems have been designed for stand-a lone temporary or semi-permanent deploym ent that will be used for dens ifying areas not sufficiently
covered by continuous GPS and for responding to volcanic and tectonic crises. Six o f the 100 systems are equipped with  real -time kinematic (RTK) capabili ty for such
uses as rapid faul t mapping and GIS-based geolog ic mapping. ANTENNA MONUMENTATION AND MOUNTS MUST BE REQUESTED SEPARATELY. See "Additional
Res ources" at the bottom of the page.
View of solar regulator and power cables, back left corner of the box.
Components
GB-1000 receiver, Topcon - Records GPS data received via the antenna.
Topcon GB-1000 Res ource Page (includes  e.g. software, firm ware, and how-tos)  (http: //f ac ility .unav co.org/kb/ quest ions/ 473/Topcon+GB-1000+R esource+Page)
PG-A1 antenna, Topcon - Receives GPS data and transmi ts data to  the receiver.
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UNAVCO Resources: GNSS Antennas  (http: //f ac ility .unav co.org/kb/ quest ions/ 458/)
antenna cable (10 m TNC-TNC)  - Transmi ts the data from the antenna to the receiver. Connect the 90-degree connector (i f there is  one) to the antenna and
the stra ight connector to the antenna port (see below). Do not kink the cable; when coil ing the cable, do not coi l it around your hand and elbow.
UNAVCO Resources: Cables and Connectors  (ht tp:// f acil ity .unav co.org/ kb/questions/521/)
antenna pigtail (TNC-lemo) and port  - Used to connect the antenna cable to the receiver via a weatherproof connection. Screw the port into  the case.
Connect the 1-pin lemo connector to the antenna port on the receiver by pushing it straight in. Any orientation will work. Remove the connector from  the
receiver by pulling straight out from the connector (not from the cable).
compact flash card  - 1 GB, s upplementing in ternal mem ory of 1 GB. At a ra te of 15 s  data collection, approximately 1.2 years of data can be stored
between both memory options.
Ethernet cable  - Used to com municate with the GB-1000 via a com puter. Connect either end to the receiver and the other end to your computer. Note that
both cross-over and straight Ethernet cables wil l work with the GB-1000, but not necessarily with your computer.
AC power adapter  - Used to connect the receiver to AC (outlet) power.
DC power cable  - Used to connect the receiver to  DC (battery) power. This  cable is already connected to  the solar regulator; connect the free end to  the
receiver's power port a fter the battery has  been attached to the solar regulator by aligning the red dot on the connector to the red dot on the port; pus h
straight in. To disconnect, pull straight out while holding the part of the connector closest to the receiver. Never pull from the cable; the connector with not
com e out.
compass  - Used to align the GPS antenna to true north .
How to use declination to al ign the GNSS antenna to true north  (http ://f acilit y .unav co.org/kb/ques tions /61/)
18 amp hr battery (12 volts)  - Wi ll power the receiver and GPS antenna for approxim ately 1.9 days in optimal  conditions. Battery life  decreases  sign ificantly
in cold weather. Do not allow conductive materia l (e.g. a piece of m etal) to contact both terminals at the s ame time as this wil l short the battery.
battery charger  - Will completely recharge a battery at 11 volts (the shut-off voltage for the receiver) in several hours. Make sure the s witch on the back is
showing the appropriate voltage for your region (e.g. 120 volts  in US, 240 in most of Europe). If the battery charger fails , check th is switch and change the
fus e as needed. Connect the cable to the battery term inals  (red alligator clip  (connector) to  the red/positive terminal and black clip to the b lack/negative
terminal ). Do not allow the connectors to touch each other when the charger is plugged in.
extra battery cable  - Used to connect an extra battery to the s olar regulator. Connect the al ligator cl ips to the battery terminals (red to the red/positive
terminal  and black to the black/negative terminal); connect the other end to a lead coming from the solar regulator.
solar panel - Charges the battery when there is sufficient sunl ight. Will  maintain a 12+ volt charge on the battery. With 12 hours of dayl ight, the 18 am p hr
battery and the so lar panel should provide a sus tainable power source for an extended period of time (weeks to years).
solar pass-through  - Us ed to  connect the so lar panel to the solar regulator via a weatherproof connection. Screw the m iddle connector into  a port on the
box; connect the s olar panel  to one end and the leads  to the so lar regulator to the other.
Vendor info:
 Feed through Assbly Part# 41215-00 Rev , Cases Plus, Inc., Phone # 800-982-1880
 Half inch Cable g land fitting Part #CD13NA-BK-N-O, Home Depot electric dept
 Red and black power connector Part # 1330, C W Distribution Inc., Phone # 218-525-2205
H t k R t t i l f ith 1 i h d bit d t fl t b D i ll th h ith � d ill b it d T ith ½ NPT t k
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How to make:  Remove center material o f screw cap with 1-inch wood b it down to  flat base. Dri ll through with  � drill b it and Tap with  ½ NPT to make
threads.
solar regulator  - Regulates the power from the s olar panel  to the battery and the battery to the receiver. All power cables  are already connected to  the solar
regulator (see photo, above). Connect the lead from the so lar pass-through (above) to the lead on the regulator. Connect the battery leads  to the battery
terminals (red ring terminal  to red/positive terminal , black ring terminal to black/negative terminal). After the power sources are connected, connect the DC
power cable to the receiver as described above.
solar regulator  - Regulates the power from the s olar panel  to the battery and the battery to the receiver. All power cables  are already connected to  the solar
regulator. Connect the lead from the ... Connect the battery leads to the battery terminals (red ring terminal to  red/positive terminal, b lack ring terminal to
black/negative terminal ). After the power s ources are connected, connect the DC power cable to the receiver as described above.
internal batteries  - Regulates the power from the solar panel to the battery and the battery to the receiver. All  power cables are al ready connected to the
solar regulator (s ee photo, above). Connect the lead from the s olar pass-through (above) to the lead on the regulator. Connect the battery leads to the
battery terminals (red ring to red/pos itive term inal, black ring to black/negative terminal). After the power sources are connected, connect the DC power cable
to the receiver.
flashlight - Included in som e kits.
Additional Resources
UNAVCO Resources: GNSS Station Monumentation (ht tp:// f acil ity .unav co.org/ kb/questions/104/)
Geodetic monuments  and markers; this is principa lly a  resource for permanent s tation monumentation but
includes  campaign options as  well .
UNAVCO Resources: GNSS Antenna Mounts  (http ://f acilit y .unav co.org/kb/ques tions /394/ )
An antenna mount is used to couple the GPS/GNSS antenna to  the survey point. D ifferent m ounts  are appropriate for different survey types.
UNAVCO Resources: GPS Survey Controllers  (http:/ /f aci lity . unav c o.org/kb/questions/523/)
Survey contro llers  can be us ed to  incorporate metadata into a GPS survey and are commonly used for real -time kinematic, pos t-processing kinematic, and
fas t/rap id-static surveys.
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Appendix J:  Specifications for the USGS gravity base station located in Mesquite, NV 
 
Note: This appendix contains supplementary material for Chapter 3: “Geophysical Constraints 




GRAVITY BASE STATION 
NAME
LATITUDE/LONGITUDE/ELEVATION (NAD27/29) 
OBSERVED GRAVITY (IGSN71) 
CITY/STATE 
DESCRIPTION
ACIC Reference No. (Jablonski, 1974) 
SKETCH/PHOTO (taken October 2003)
REFERENCES
Jablonski, H. M., 1974, World relative gravity reference network North America, Parts 1 and 2: U.S. Defense Mapping Agency 
Aerospace Center Reference Publication no. 25, originally published 1970, revised 1974, with supplement of IGSN 71 gravity 
datum values, 1261 p.
Daniel S. Scheirer, U.S. Geological Survey, v. 04/18/2008




The gravity base station is located in Mesquite, Nevada, at the City Hall building, which is located at 10 
E Mesquite Blvd., southeast of the intersection of Mesquite Blvd. and Yucca St.  Station is in the gravel 
bed immediately to the south of the concrete foundation for the flagpole.
Gravity base MESCN was established in October 2003 to replace the former base MESC, which was 
destroyed in the re-building of the City Hall complex.  The gravity value of MESCN was established by a 
single loop to the approximate site of MESC and a one-way tie to LVGS, a gravity base station in front of 
the former US Geological Survey office in Las Vegas, NV (IGSN71 observed gravity of 979,593.62 
mGal).  Gravity ties were conducted by Bob Morin (USGS Menlo Park) in October 2003 using LaCoste 
and Romberg gravity meter G8n.  A prior gravity station, sited on a benchmark and referenced to MESC, 
was re-occupied in October 2003; using the adopted gravity value for MESCN, the new observed gravity 
value agreed to within 4 microgals of the old gravity value, confirming the MESC vs. MESCN offset.
Note: MESC was located near the SE corner of the intersection of Mesquite Blvd. and Yucca St. at a 
former flagpole location.  The gravity value of MESC was 979,624.12 milligals, based on two single ties 
to gravity station CPA, at the base of the Charleston Peak gravity calibration loop.  These ties were made 
by Bob Morin (USGS Menlo Park) in March 1997 using LaCoste and Romberg gravity meter G17c.  
MESC was used in December 2002 (R. Wooley), which may have been its last use by the USGS.
MESCN is unmarked.  Read gravimeter facing the north (away from the building).
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